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ABSTRACT
D-Arginine

dehydrogenase (DADH) catalyzes the oxidation of D-arginine to imino argi-

nine using FAD as the cofactor. The enzyme is part of a recently discovered two-enzyme complex from Pseudomonas aeruginosa involved in arginine utilization. Function of the enzyme
within the organism is unknown. Work on this enzyme has been undertaken to understand the
structure as well as its reaction mechanism so as to eventually assign a function to the enzyme
within the physiological context. In the reductive half-reaction 2 e- and 1 H+ are transferred from
the amino acid substrate to FAD cofactor. In the oxidative half-reaction the reducing equivalents
from the FAD cofactor are passed to an electron acceptor that is yet to be discovered. The enzyme has been established to have no reactivity with O2. Choline oxidase (CHO) from Arthrobacter globiformis is a well characterized member of Glucose-Methanol-Choline Superfamily

that reacts with molecular O2. It catalyzes the oxidation of choline to glycine betaine mediated by
betaine aldehyde intermediate using FAD as the cofactor and O2 as the oxidant to regenerate oxidized FAD for further reaction. Glycine betaine, the product of the reaction is an important osmolyte that regulates nutrients for plants under stressful conditions. Therefore it is of commercial
interest to genetically engineer crops that do not typically possess competent pathways for glycine betaine synthesis.
In this dissertation molecular details concerning the reductive half-eaction of DADH and
oxidative half-reaction of CHO have been studied using a combination of steady state kinetics,
rapid kinetics, pH, multiple substrates, mutagenesis, substrate deuterium and solvent isotope effects, viscosity effects or computational approaches.
In DADH, the oxidation of amino acid substrate by FAD has been shown to most likely
proceed via hydride transfer mechanism in the reductive half-reaction with Glu87, Tyr53,
Tyr249 and His48 emerging as key players in substrate binding, catalysis or for up keeping the
integrity of the FAD cofactor. In CHO, the oxidative half-reaction proceeds without stabilization
of any reaction intermediates with H atom from reduced FAD and H+ from solvent or solvent exchangeable site occurring in the same kinetic step.

INDEX WORDS: D-Arginine dehydrogenase, Choline oxidase, FAD, Reductive half-reaction,
Hydride transfer, Oxidative half-reaction, Molecular O2
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1
1.1

INTRODUCTION

Flavins
1.1.1 Brief history
Flavins are yellow chromophores that have been first isolated from Cow’s milk and reported more

than a century ago by an English scientist by the name A. Winter Blyth. Research on flavins flourished
during the early 19th century when it was identified to be a part of the vitamin B complex. Richard Kuhn
and Paul Karrer independently determined and confirmed the structure and named it riboflavin based on
its color and chemical structure. During his ground breaking work on cellular respiration, Otto Warburg
extracted a flavoprotein from yeast that oxidizes NADPH using molecular oxygen in the course of its
reaction. Hugo Theorell, a Swedish biochemist discovered that the flavin cofactor of the flavoprotein
isolated by Warburg is not riboflavin but has an additional phosphate group which later came to be known
as flavin mononucleotide (FMN). Hans Krebs discovered a second flavoprotein that is involved in Damino acid metabolism called D-amino acid oxidase while Warburg and Christian showed that the cofactor in use is not riboflavin or FMN. Alexander Todd and his coworkers were responsible for the chemical
synthesis of FAD as a proof of structure to the one isolated from DAAO.1 The popularity for the flavin
field stems from the fact that six Nobel prizes have been awarded in the research related either directly or
indirectly to flavin chemistry (Table 1.1).
Table 1.1 Nobel prize winners in the field of flavins
Scientists
Year
Otto Warburg
1931
Paul Karrer
1937
Richard Kuhn
1938
Hans Krebs
1953
Hugo Theorell
1955
Alexander Todd 1957

1.1.2 Chemistry
Flavins are multifunctional and the structure that allows such versatility is the three memberedring system:7,8-dimethyl-isoalloxazine which is formed by the fusion of xylene, pyrazine and pyrimidine

2

rings

1-3

(Figure 1.1). The hydrophobicity of xylene ring makes important hydrophobic interactions in the

enzyme active site offering stability while the electron deficient pyrimidine ring allows electron transfer
chemistry that the flavins are known for.3 Flavins occur in multiple redox states and associated colors:
oxidized (yellow) and reduced (colorless) are the two extremes while intermediary species is the semiquinoid (blue and red) form.1, 3-5 The semiquinoid and fully reduced forms can further exist as anionic or
neutral depending on their protonation states (Scheme 1.1).1, 3, 4 Each redox state of flavin chromophore
also has unique spectral property5, a feature that is well exploited in the characterization of flavoproteins.
Because of their redox nature, flavoproteins bring about catalysis via two half reactions, namely, the reductive half reaction where the flavin cofactor accepts reducing equivalents from first substrate followed
by the oxidative half-reaction where the reducing equivalents from the flavin are passed to second substrate which is molecular oxygen (O2) in many cases.1, 3, 6 The classification of the reductive and oxidative
half-reactions is with respect to flavins (Scheme 1.2). Although they constitute one catalytic cycle, the
reductive and oxidative half-reactions operate independent to one another. While a lot of work has been
focused on the mechanism of the transfer of reducing equivalents onto the flavin7, 8, much less is known
on the mode of transfer of reducing equivalents from flavin to the second substrate and more specifically
O2 mainly because of the chemical properties associated with it.1, 6, 9, 10

Figure 1.1 Representation of isoalloxazine ring system and the type of interactions with active site residues (modified from ref 4)

3

Scheme 1.1 Illustration of redox states of flavin cofactor. Note that the flavin has been shown to exist in
the neutral form in this scheme while it can additionally exist in anionic form as well (Modified from ref
4).

Scheme 1.2 Simplified illustration of the overall reaction scheme of flavin-dependent catalysis

1.1.3 Modified natural flavins
Although riboflavin, FMN and FAD are the most commonly occurring forms of flavins in biology,
there are many accounts of modifications on these cofactors that result in their derivatives with slightly
or greatly altered spectral and/or chemical properties.2 These are found either naturally or have been artificially synthesized as probes to gain further knowledge on flavin chemistry.4, 11 Natural modifications of
flavins can be divided into at least two categories:
i.) covalently bound FMN and FAD are attached to proteins via modifications at C6 atom or 8αmethyl group of the isoalloxazine ring system (Figure 1.2).2, 12 First covalently linked flavoprotein was
reported to exist by Singer and coworkers in succinate dehydrogenase in 1950.2, 13 The covalent bond was

4

between an active site histidine N(3) and 8α-methyl group of FAD. Subsequent studies showed the ex13

istence of other linkages like histidine (N(1)), S-cysteinyl or O-tyrosyl at the 8α-position and S-cysteinyl
at C6 of the isoalloxazine.2, 12 The process of covalent bond formation is referred to as flavinylation. In
2005, bicovalently linked flavins have also been reported for the first time from the crystal structure of
fungal glucooligosacchharide oxidase studies.14 BLASTP analysis showed that such linkages seem restricted to bacteria, fungus and plant kingdoms with no reports from archae and animal kingdoms.15 Furthermore enzymes from the p-cresolmethylhydroxylase (PCMH) superfamily in general seem to be predisposed to have mono or bicovalent flavin linkages, while monocovalent linkages are more common in
proteins with NADP-Rossman, GMC (FAD-dependent enzymes) and TIM barrel (FMN-dependent enzymes) topologies. So far 43 proteins have been reported with flavin mono or bicovalent linkages.15

Figure 1.2 Site of covalent linkage (indicated by arrows) on the isoalloxazine ring by active site residues
in flavoproteins

Several interpretations have been put forth to rationalize flavinylation process in flavoproteins.
The midpoint redox potential has been shown to be greatly tuned allowing turnover of catalytically difficult substrates.16-18 Another feature of covalent linkages is the restriction of cofactor movement allowing
higher enzyme to cofactor incorporation and better catalytic efficiency.19 Proper positioning of cofactor
is key since studies on choline oxidase showed that for mutation of the His99 involved in covalent linkage
to Asn not only caused for the loss of the linkage but also resulted in the lowering of kinetic parameters,
kcat/km and kcat ≤ 30 fold. Temperature dependence of the isotope effect on the rate constant for flavin
reduction (kred) suggested that the preorganization that is required for the transfer of hydride ion from the

5
20

alcohol substrate to the N(5) of flavin is affected because of the loss of flavinylation. These reports from
different enzymes provide evidence that some enzymes may have evolved to optimize catalysis via covalently attached flavin cofactors. It has however not been established as to what conditions drive flavinylation in these enzymes and if there may be any general properties guiding such a process.

Figure 1.3 Non-covalent substitutions on isoalloxazine ring of flavin. Modified from Figure 5.3 in Chapter 5

ii.) O- or N-substitutions at 6th and 8th position of isoalloxazine
Like covalent linkages, the 6th and 8th positions are susceptible to substitution reactions by the NH2 and -OH functional groups (Figure 1.3).2 These substitutions do not however result in covalent linkage to the protein. Modifications of flavin by –OH functional group have first been isolated in 1970: 6
and 8-hydroxy FAD from electron transferring flavoprotein and 6-hydroxy FMN from pig kidney glycolate oxidase.21,

22

Additional examples include 8-hydroxy-5-deazaflavin detected in extracts of

methylotrophic bacteria with distinct chemical properties compared to riboflavins and its analogues;2 antibiotic 8-aminoriboflavins termed “roseoflavins” synthesized by a species of Streptomyces.2, 23 Furthermore 6-hydroxy FAD and FMN have been reported in numerous bacteria, invertebrates and even humans.24-29 These unusual flavins have distinct spectral properties11, 21 and are present in combination with
the naturally occurring flavin cofactor and hence are not found in stoichiometric amounts in the proteins.
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They have also been shown not to have the same catalytic competence as the unmodified flavin cofactors.21, 24, 26-28 Little is known about their origin and biological importance. Notwithstanding, they have
been synthesized artificially along with several other unnatural flavins as probes to further knowledge on
flavin mediated chemistry in flavoproteins.11

1.1.4. Oxidative half-reaction
Reduced flavin formed during the reductive half-reaction can react with various secondary substrates that act as oxidants in the oxidative half reaction. Molecular oxygen is a prime example of oxidants
that the flavoproteins can react with. The reaction has also received considerable interest since molecular
oxygen is unreactive toward most biological molecules because of its diradical nature in the ground state.6,
30

As a result it needs to be activated for reaction.6, 30 In solution, the reaction between reduced flavin in

singlet state and molecular oxygen in its triplet ground state is very slow because of the spin difference
linked to the two species (Scheme 1.3).6, 30 The same reaction catalyzed in the active site of a flavoprotein
achieves a boost of several orders of magnitude or may be lowered significantly than in solution.6 This
clearly indicated that flavoproteins have differential reactivity for molecular oxygen and based on this
property, there are four proposed classes of flavoproteins:6
1.

Dehydrogenases: They are defined by poor or no reactivity toward O2. Poor reactivity can lead
to the production of H2O2 and O2·- as products.

2.

Transferases: They react poorly with O2, resulting in the formation of neutral flavin semiquinone radical and O2·-.

3.

Oxidases: They are known to react swiftly with molecular oxygen and are characterized by the
production of H2O2 and fully oxidized flavin.

4.

Monooxygenases: As the name suggests, only one oxygen atom proceeds to reduction as H2O
while the second atom is inserted into the reaction product. They are also known for rapid
reaction with O2.
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Scheme 1.3 Simplified reaction of reduced flavin (singlet) and O2 (triplet state) leading to flavin oxidation
(modified from ref 6)

In the oxidative half-reaction, reaction of free reduced flavin with O2 has been shown to proceed
via the formation of C4a-hydroperoxide. It has therefore been proposed that when flavoproteins react
with molecular O2, flavin-derived intermediates possibly form along the reaction pathway. Monooxygenases is the only class of flavoenzymes that have experimental evidence demonstrating the involvement of detectable flavin-based C4a-(hydro)peroxide intermediates in the reaction pathway of reduced
flavin with O2.6, 10 For oxidases however, there does not seem to be a defined path like monooxygenases
when it comes to the reaction with O2 with the exceptions of pyranose 2-oxidase31, 32 and a mutant of
NADH oxidase33. Flavin-dependent dehydrogenases on the other hand react more readily with other oxidants like NAD(P)+, cytochrome, quinone etc so as to regenerate the reduced flavin during the oxidative half reaction. As seen here, molecular O2 is not a requisite for the oxidation of the reduced flavoproteins. Therefore, this quality of flavoproteins allows them to carry out redox reactions in aerobic as well
as anaerobic organisms.

1.2

Specific Goals
Reaction profile of flavoproteins divided into the reductive and oxidative half reactions gives rise

to multiple mechanistic possibilities for each half reaction. Although catalytic mechanisms are well understood for some classes or families of enzymes,7, 8 mechanistic details for several others are still nascent.7 For instance, while the reductive half-reaction most likely involves the transfer of hydride ion from
the substrate to the flavin in alcohol and α-hydroxy acid oxidizing enzymes,7 a clear winner hasn’t
emerged in group of enzymes oxidizing amino acids except in D-amino acid oxidase mainly because

8
7

structural and mechanistic data are lacking in enzymes carrying out similar reactions. Additionally, oxidative half-reaction of monooxygenases progress with the formation of C4a-(hydro)peroxy flavin6, 34 in
the reaction with O2 but the science behind oxygen reactivity of flavin-dependent oxidases is still at an
elementary stage.6, 9, 10 While several new aspects on the chemistry of natural unmodified flavins (FMN
and FAD) are still surfacing, knowledge on the biological significance and origin of naturally occurring
substituted flavins is fragmentary. Specifically, many cases of detection of C6 modification of the isoalloxazine ring by a hydroxyl group have been recurrent with the first case of detection reported approximately half a century ago.21
The overall goal of this dissertation is to expound several aspects of flavin-chemistry: roles in amino
acid oxidation; insights into the 6-hydroxy substitution on the cofactor; and their reactivity with molecular
oxygen using bacterial D-arginine dehydrogenase (DADH) and choline oxidase (CHO) as model systems.
A novel two-enzyme pathway involved in the metabolism of L-arginine was discovered recently in
Pseudomonas aeruginosa wherein D-arginine is converted to L-arginine by catabolic D-arginine dehydrogenase (PaDADH) and anabolic L-arginine dehydrogenase (PaDADH) (Figure 1.4).35 PLP-dependent
and independent racemases are generally involved in D and L racemization.36 Therefore, the discovery of
the two-enzyme complex is of interest to understand the various ways of racemization of amino acids.
PaDADH, the first enzyme in the complex is FAD-dependent and catalyzes the oxidation of not only Darginine but most D-amino acids to their corresponding imino acids.37-39 The imino acids are proposed to
be deaminated non-enzymatically to α-keto acids in the presence of water with the release of ammonia
(Figure 1.4).38 Ammonia has been suggested to play a role in pH homeostasis in biofilms which is a key
survival tactic of many pathogenic bacteria.40, 41 Therefore ammonia generated from the breakdown of Damino acids by PaDADH may contribute to pseudomonads’ virulence and pathogenicity. Previous structural and kinetic work on the enzyme showed that the enzyme binds and oxidizes cationic substrates the
best followed by zwitterionic/hydrophobic substrates but not anionic substrates and glycine.37, 38, 42 Multiple binding modes have been reported which are substrate dependent.37 Furthermore, the catalytic mechanism of amino acid oxidation for which multiple mechanistic possibilities can be envisioned due to the
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versatile nature of FAD has been reported to proceeded with the transfer of a “hydride equivalent” from
substrate amino acid (D-Leu) to FAD.42 Although a flavin radical based mechanism has been ruled out,
the results are still consistent with a carbanion, hydride ion transfer and polar nucleophilic attack mechanisms during amino acid oxidation.42 Furthermore, several key active site residues emerged from these
studies with proposed roles in substrate specificity and catalysis.37, 42

Figure 1.4 General reaction scheme of the two-enzyme complex involved in D- to L-arginine racemization
in Pseudomonas aeruginosa (Modified from Chapter 4, Scheme 4.1)

Chapter 2 in this dissertation sets stage with a review on the general structural and common mechanistic pathways adopted by amino acid-processing enzymes. As reported in previous studies, PaDADH
exhibits high specificity for cationic and neutral substrates. Chapter 3 aims to gain further insights concerning the preference for cationic and zwitterionic D-amino acids by PaDADH at the level of active site
interactions using multiple substrates, pH effects and kinetic isotope effects on steady state and/or rapid
reaction kinetics.
Tyr53 and Tyr249 are located < 4 Å from iminoarginine, the co-crystallized product in the crystal
structure of PaDADH. The residues have been proposed to play crucial roles in substrate binding and
oxidation in PaDADH and possibly affect the timing of the NH and CH bond cleavages that are obligatory
for amino acid oxidation. Tyr53 and 249 have been manipulated mutagenically to Phe and the variant
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enzymes were elucidated for effects on substrate binding, catalysis as well as in minimizing the catalytic
possibilities adopted by PaDADH between carbanion, hydride ion and polar nucleophilic attack mechanisms using deuterium substrate and solvent isotope effects on rapid reaction kinetics and computational
approaches using QM/MM methodologies. This work has been described in Chapter 4. Mutation of
Tyr249 to Phe resulted in the variant enzyme incorporated with partially modified FAD cofactor. Chapter
5 in this dissertation addresses spectroscopic and spectrometric characterization of the modified FAD
isolated from the Tyr249Phe mutant of PaDADH as 6 hydroxy FAD; furthermore computational approaches have been sought to answer fundamental questions associated with molecular properties and
reactivity of 6-hydroxy FAD in PaDADH.
Choline oxidase (E.C.1.1.3.17), also known as choline: oxygen-1-oxidoreductase, catalyzes the conversion of choline and oxygen to glycine betaine (GB) and hydrogen peroxide in Arthobacter globiformis.
It uses covalently bound FAD for the reaction. The reaction occurs in two steps with the transfer of 2e- in
each step via an aldehyde intermediate (betaine aldehyde). The reaction by choline oxidase has biotechnological relevance because the product of its reaction,43 glycine betaine, is a well-known osmolyte.43, 44
It has been shown that in plants subjected to harsh environmental conditions like high salinity, low temperatures and drought, GB plays an important role in regulating the stress. It is synthesized naturally in
some plant species like spinach and wheat and not in others like rice, tomato and maize. As such, introduction of GB biosynthetic pathway into these non-accumulators results in enhanced tolerance for environmental stresses. Therefore, introduction of bacterial codA gene that expresses choline oxidase to create
transgenic plants is of economic significance.44
Several mechanistic and structural studies on wild-type choline oxidase established the catalytic
mechanism of choline oxidation to glycine betaine to proceed via hydride transfer mechanism with several
active site residues like Ser101, Glu312, Asn510, His351, Val464, and His466 proposed to play key roles
in substrate binding, positioning, activation, stabilization of transition state or reactivity with oxygen.45-54
Moreover, the positive charges residing on the betaine aldehyde intermediate and glycine betaine product
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have been shown to be essential for reaction with molecular oxygen by reduced FAD in CHO.

48, 55

Fur-

thermore, crystal structure of choline oxidase showed that FAD was trapped in a C4a-peroxy adduct form
in the absence of any bound ligand.56 Experimental evidence for such flavin-derived intermediate has
previously been shown only in pyranose-2 oxidase and a mutant of NADH oxidase.31-33 Therefore, questions on the existence of C4a-peroxy flavin intermediate in choline oxidase as part of the reaction pathway
or an artifact of exposure to the high frequency X-ray beam are still not fully established. Finally, Chapter
6 in this dissertation addresses the possible mechanism followed by choline oxidase in the reaction of
reduced FAD with O2 applying deuterium isotope effects on steady state kinetics and rapid-reaction kinetics using a stopped-flow spectrophotometer.
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2
2.1

AMINO ACID DEHYDROGENATION BY FLAVOENZYMES

Significance of flavoenzymes
Flavin mononucleotide (FMN) or flavin adenine dinucleotide (FAD) is generally referred to as fla-

vin cofactor. The flavin cofactors are derivatives of vitamin B2 also referred to as riboflavin (Figure
2.1).1, 2 Enzymes using these cofactors catalyze a wide variety of biologically important chemical reactions.3 In fact up to 3% of all genes in prokaryotic and eukaryotic genomes are estimated to code for
flavoenzymes.4 They are typically involved in redox catalysis and responsible for a plethora of reactions
ranging from the complicated photo emission or repair of damaged DNA to simple dehydrogenation of
alcohols, α-hydroxy acids and α-amino acids.3, 5, 6 Because of their ubiquitous nature, ease of characterization, spectral properties there is an overabundance of information on flavoenzymes making it one of the
well-studied classes of enzymes.

Figure 2.1 Structural illustration of riboflavin, FMN, FAD and (iso)alloxazine ring. Modified from Chapter 5
The reactive site of a flavin cofactor is the 7,8-dimethylisoalloxazine moiety (Figure 2.1) which can
shuttle between an oxidized, one electron and two electron reduced forms (Scheme 2.1).1, 5, 6 For fully
reduced state, the potential (Em, pH 7) is approximately -200 mV. Interactions of the isoalloxazine moiety
with protein active site influences the redox potential to be from anywhere between -495 mV to +80mV.6
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This is one of the important properties of flavin cofactors that confer chemical versatility on flavoenzymes. While isoalloxazine ring system engages in redox chemistry, its side chain (Figure 2.1) allows
proper positioning and stability in the active site for optimal catalysis.6 The possibility of one electron or
two electron transfers from substrates gives rise to multiple possibilities: transfer of a single electron,
hydrogen atoms or a hydride ion.7 The electron deficient pyrimidine nucleus of the isoalloxazine ring
system is susceptible to nucleophilic attacks either at the N(5) or C(4a) sites with the possibility of flavinadduct formation during the course of catalysis.2, 6 Because of the various possibilities in the transfer of
reducing equivalents from the substrate onto flavin, multitude of mechanistic possibilities can be envisioned for different classes of flavoenzymes.7-9 This review however will focus only on the dehydrogenation of α-amino acids (D/L) catalyzed by flavoenzymes.

Scheme 2.1 Illustration of redox states of flavin cofactor. Note that the flavin has been shown to exist in
the neutral form in this scheme while it can additionally exist in anionic form as well

Flavoenzymes break down α-amino acids by oxidizing the bond between the α-carbon and the amine
nitrogen (Scheme 2.2). Flavin dependent C-N bond oxidations involving amino acids or amines are found
in key life processes like cell-signaling10 and regulatory processes11, cell growth and death12, 13, neurotransmission14-16, and metabolism17. As a result imbalance in the regulation or function of these enzymes
can have detrimental effects.10, 12, 18, 19 Hence, knowledge on mechanistic details concerning amine oxidations in the flavin mediated reaction profile is important to understand the mode of action of the involved
enzymes. As more information becomes available for a wide variety of enzymes, predictions can be made
on the most common catalytic route adopted by topologically similar or dissimilar flavoenzymes, which
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in turn allows prediction of the nature of the transition state in the reaction coordinate. A detailed understanding of high-energy transition states will play a crucial role in rational drug design for those flavoenzymes involved in specific health disorders or disease conditions.

Scheme 2.2 Illustration of the site of dehydrogenation in α-amino acids by flavoenzymes

2.2

α-Amino acids
2.2.1 Molecular chirality
The concept of molecular chirality was first discovered in 1848 by the French scientist, Louis

Pasteur based on the crystal studies he undertook on sodium ammonium salt of dextro-tartaric acid and
paratartaric acid.20 At that time, he used dissymmetry (dissymétrie) or dissymmetric (dissymétrique) to
describe handedness at the molecular level which later on became synonymous with the terms coined by
Sir William Thomson (Lord Kelvin) namely, chiral and chirality.20, 21 Louis Pasteur is also credited with
the discovery of enantioselectivity in biochemical processes with his work on fermentation of tartaric acid
in the year 1857, a decade after his discovery of molecular handedness.20, 22 Enantioselectivity, which is
the preference for one stereoisomer over the other, is an important concept in biology since most biochemical processes involve amino acids and sugars among others, which can exist as non-superposable
mirror image forms i.e. D/L -forms in simple notation. The D/L notation is not to be confused with d (dextrorotary)/l (levo-rotary) notation which represent rotation of plane polarized light in clockwise and counterclockwise directions respectively by isomers. The D/L representation in amino acids in fact denotes the
arrangement in space of the functional groups around the chiral α-carbon; either right-handed or left-
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handed. D/L notation indicates the optical activity of glyceraldehyde isomers which are superposable with
amino acid and carbohydrate enantiomers22, 23

2.2.2 Chiral homogeneity
Although amino acids can exist in two-forms, only the L-forms participate in the ribosomal synthesis of proteins that are involved in various cellular processes.22 Furthermore, Stanley Miller in 1953
established that amino acids might possibly be present since primitive earth through his Miller-Urey experiments;24 nonetheless, the selection of L-isomer in the primordial environment for the evolution of life
still needs to be comprehended. While one theory proposes it’s a matter of chance that the L-amino acids
have been selected over D-amino acids,25 another theory argues parity-violating energy differences between

L

and D-amino acids resulting in enantiomeric excess (ee) of one enantiomer over the other. 26-28

Due to such parity-violation, spontaneous polymerization of D/L amino acids favors the L-isomer which
is lower-energy than the D-form. Another model implicates autocatalysis and the differential crystallization ability of the crystal surfaces to which D and L-amino acids bind. Another piece of evidence indicates
that enantiomers adsorb differentially onto chiral mineral surfaces resulting in an augmentation of pure Lisomer and thereby their incorporation into primordial life. Environmentally imposed physical asymmetry
like circular polarized light and magnetic fields can cause preferential enhancement of the L-form in the
D/L

racemic mixture.26-28 It is also likely that a combination of these processes or other unknown events

during early life may have resulted in chiral homogeneity favoring L-amino acids. Although L-amino acids
are the predominant form, living organisms somehow evolved to induce biosynthetic and metabolic pathways for D-amino acids processing.

2.2.3

D-Amino

acids

Initially D-amino acids were not considered to be naturally occurring and less important physiologically with isolated cases of detection reported largely in invertebrates.29, 30 Endogenously, D-amino
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acids like D-Ala, D-Glu are incorporated into bacterial cell wall/peptidoglycans contributing to their overall structure as well as offering resistance to protease activity.22, 27, 28 In other cases D-amino acids like DAsp in Lactococcus and Enterococcus and D-Ser in vancomycin-resistant Staphylococcus have been reported that allow them to potentially evade the effects of bactericides.22, 27, 28 Although they are not assimilated during ribosomal synthesis of proteins, D-amino acids like D-Ala, D-Phe, D-Val, D-Leu, D-Asn
etc.22 (See Ref 22 for a full list of D-amino acids and the corresponding antibiotics) are integrated into
natural antibiotic peptides through non-ribosomal pathways; and in neuropeptides of certain higher vertebrates where specific L-amino acids (L-Asp) undergo post-translational epimerization to the corresponding D-isomers.31 In vertebrates abundant quantities of D-Ser and D-Asp were reported in brain with proposed role in neurotransmission by regulating N-methyl-D-aspartate (NMDA) receptor activity.31-33 Furthermore D-Asp has been reported in pineal gland, pituitary gland and adrenal gland and testis with proposed role in the synthesis and secretion of hormones and spermatogenesis.33 D-amino acids also have
specialized functions in that they have been shown to aid in bacterial spore germination as well as biofilm
dispersal.22, 27, 28 Their detection is also of paramount importance in the food processing industry.27, 28
Emergence of studies on the chemistry and biochemistry of D-amino acids as a field is fairly recent
and the research mainly lagged behind in the previous years because of lack of proper ways of their detection and quantification.30, 33 However that idea quickly changed with the advent of improved analytical
techniques like gas chromatography, high performance liquid chromatography and use of chiral columns
that allow separation of D/L-racemic mixture and enabling detection of even trace amounts of D-amino
acids.30, 33 Because of their wide distribution in nature and proposed roles for some in several crucial
biological and biochemical processes, knowledge on the enzymes involved in their synthesis or metabolism can prove valuable.

2.2.4 Enzymes involved in α-amino acid metabolism
Turnover of proteins and peptides results in the generation of free amino acids that are recycled
for utilization in key biochemical processes. Several enzymes have been discovered that act on the CH-
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NH2 group of donors. They have been classified on the basis of final electron acceptors and selected
examples have been included as outlined in Table 2.1. Notable are the many flavin dependent enzymes
like D-amino acid oxidase and D-aspartate oxidase from multiple sources, D-amino acid dehydrogenase
and D-arginine dehydrogenase from bacterial sources, L-amino acid oxidase from multiple sources,

L-

aspartate oxidase, L-glutamate oxidase among others that act specifically upon the D or L-isomer but not
both.

Table 2.1 Selected enzymes processing amino acids
Enzyme
Alanine dehydrogenase
Glutamate dehydrogenase
Glycine dehydrogenase
D-aspartate oxidase
L-Amino acid oxidase
D-Amino acid oxidase
L-glutamate oxidase
L-aspartate oxidase
D-amino acid dehydrogenase
Glutamate synthase
D-arginine dehydrogenase
a
Not classified

Electron acceptor
NAD+
NAD+
NADP+
cytochrome
Oxygen
Oxygen
Oxygen
Oxygen
Oxygen
a quinone
ferredoxin
unknown

Amino acid
L
L

D
L
D
L
L
D
L
D

EC number
1.4.1.1
1.4.1.2
1.4.1.3
1.4.2.1
1.4.3.1
1.4.3.2
1.4.3.3
1.4.3.11
1.4.3.16
1.4.5.1
1.4.7.1
NCa

One of the first discovered and widely studied model flavoenzymes is D-amino acid oxidase from
pig kidney (pkDAAO) which is involved in the oxidative dehydrogenation of D-amino acids to iminoacids
with concomitant flavin reduction (Scheme 2.3a). Apart from being one of the initial discoveries in the
flavin field, pkDAAO has spurred myriad studies on several topics like the mode of dehydrogenation of
D-amino

acids in keeping with the versatility of the flavin cofactor, substrate specificity, physiological

role of the enzyme and such. Interest in this enzyme has never dwindled mainly because of the controversy
surrounding the accepted catalytic mechanism of amino acid dehydrogenation, its recent discovery in
humans 30 and is the best structurally and mechanistically well characterized member in the class of en-
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zymes involved in amino acid processing.

7, 9, 34, 35

L-Amino

acid oxidase (LAAO) catalyzes the “enantio-

merically” opposite reaction to pkDAAO (Scheme 2.3b).36 However, the mechanism of L-amino acid
dehydrogenation has not been mechanistically established. Several crystal structures of LAAO are available from various sources which have been useful in proposing a catalytic mechanism for the enzyme in
view of similarities with DAAO.36, 37 Apart from DAAO, another recently discovered enzyme that is
emerging as a model for studies on amino acid oxidations is D-arginine dehydrogenase (PaDADH) from
bacterial source (Pseudomonas aeruginosa).38 It catalyzes the same reaction catalyzed by pkDAAO with
D-arginine

as the physiological substrate (Scheme 2.3c). Our knowledge on the mechanism of amino acid

dehydrogenation by flavoenzymes has been further enhanced by the accumulating structural and mechanistic data of PaDADH.39-41 The aim of this review is to summarize the structural and mechanistic data
available thus far for each of these enzymes and formulate general framework for the oxidation of D- and
L-amino

acids so as to extend the formulated framework to other flavoenzymes proposed to catalyze sim-

ilar reactions but lagging in mechanistic and/or structural characterization.

Scheme 2.3 General scheme of reactions catalyzed by (a.) DAAO, (b.) LAAO and (c.) DADH
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2.3

Structural comparisons of D-amino acid oxidase, D-arginine dehydrogenase, L-amino acid
oxidase and other related enzymes
pkDAAO catalyzes the oxidation of D-amino acids especially hydrophobic and aromatic ones, while

PaDADH has high specificity for cationic and aromatic D-amino acid substrates with no activity against
negatively charged residues.30, 34 LAAOs on the other hand accept most L-amino acids as substrates depending upon their source.36, 37 There are other

D

and L-amino acid oxidases that are more specific to

individual D/L-amino acids (D/L-glutamate oxidase, D-aspartate oxidase, L-phenylalanine oxidase etc.).
Although pkDAAO, PaDADH and LAAOs are involved in the dehydrogenation of D/L-amino acids, their
sequence identity is counter-intuitively low. pkDAAO and PaDADH are involved in the oxidation of Damino acids, yet, they share a low sequence identity of 17.2%;41 while enantiospecifically opposite
pkDAAO and LAAO from Rhodococcus opacus share an identity of 25% and PaDADH and roLAAO
share a meagre 16.4%.36, 41 Although their protein sequences are less identical, superimposition of their
structures 36, 37, 41 indicate a more preserved three-dimensional topology. Previous work on these enzymes
establish the presence of a distinct substrate binding, flavin binding domains in all three enzymes with an
additional helical domain in LAAOs;34, 36, 37, 41 Topology of the flavin binding domain is fairly preserved
while subtle modifications in the substrate binding domain render differential specificity for D/L amino
acid substrates. The active-site is generally located at the interface of the flavin and substrate binding
domains with high homology of key active-site residues that dictate reactivity in these three different
enzymes. Mirror symmetry along the plane of the isoalloxazine ring leads to the placement of the activesite residues on Re and Si faces of flavin. Such an instance is seen between pkDAAO and flavocytochrome
b2.34 Another instance of symmetry arises when the substrates bind along the same face of isoalloxazine.
In this situation the mirror symmetry of substrate binding sites lie along the plane perpendicular to isoalloxazine ring of the flavin. This type of spatial arrangement offers enantioselectivity to DAAOs/DADH
and LAAOs.36, 41 Thorough analyses on the mirror symmetries between pkDAAO and LAAO from Calloselasma rhodostoma have been carried out by using inversion matrix software.37 Comparison of PaDADH, pkDAAO and roLAAO can be found in ref 41.
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2.3.1 Key conserved catalytic residues
DAAO
An important feature while considering the mode of catalysis of amino acids is the structural arrangement of catalytically relevant residues. Arrangements of these residues also have an impact on substrate specificity. Active site of pkDAAO (Figure 2.2) is defined by fairly hydrophobic residues such as
the side chains of Ala49, Leu51, Ile215, Ile230, Tyr224 and Tyr228. The volume of active site cavity is
160 Å3 allowing only smaller hydrophobic residues to bind optimally. While the cavity is mainly hydrophobic, stabilization of substrate amino acid main chain carboxylate is provided by interactions with
Arg283 and Tyr228; the substrate amine group is in hydrogen bonding interaction with the hydroxyl group
of Tyr224 and a buried water molecule which has been conserved in the crystal structures of the eight
subunits of pkDAAO. Model of D-Ala in the active site showed the importance of the zwitterionic form
of the substrate for proper orientation of the substrate for optimal catalysis. Model of the corresponding
L-configuration
D-amino

in the active-site showed unfavorable interactions with the flavin. Thus the active-site of

acid oxidase is fine-tuned for small hydrophobic D-amino acids.34

FAD
Tyr224

Ala49
benzoate

Tyr228

Leu51
Ile230
Figure 2.2 Active site of pkDAAO (PDB code:1KIF)

Ile215
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DADH
This enzyme has broader substrate specificity than pkDAAO. Multiple binding modes have been
reported depending upon the various crucial interactions made by multiple substrates. D-Arg and D-Lys
are the best substrates for the enzyme as judged by the large kcat/Km values (10-6 and 10-5 M-1s-1). The side
chain of iminoarginine engages in a strong electrostatic interaction with Glu87 at the entrance of the
substrate cavity as well as a hydrogen bond with Thr50 in the crystal structure of iminoarginine bound
PaDADH (Figure 2.3). While iminohistidine interacts with His48 and the side chain is not long enough
to make interactions with Glu87 and as a result, D-His (103 M-1s-1) is not as good a substrate for PaDADH
as D-Arg. In addition, similar to pkDAAO, hydrophobic walls formed due to the side chains of Tyr53,
Met240, Val242 and Tyr249 engage in favorable van der Waals interactions with aliphatic and aromatic
side chains. The main chain carboxylate is stabilized by two active site arginine residues, located at positions 222 and 305 and Tyr249. Tyr53 and a water molecule stabilize the imine group of iminoarginine in
the crystal structure. The contacts between the main chain and the enzyme active site that are important
for optimal catalysis are conserved between DADH and DAAO.

FAD
Thr50

3.2Å
IAR

2.5Å
Glu87
Figure 2.3 Interaction of iminoarginine (IAR) with Glu87 and Thr50 in PaDADH (PDB code: 3NYE)
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LAAO
Structural features leading to active sites of crLAAO and roLAAO are slightly different resulting in
subtle differences in substrate binding for the two LAAOs..36, 37 They are both characterized by broad
substrate specificity. However substrates with branched and bulky side chains are restricted due to the
volume of the active site in bacterial LAAO while forcrLAAO, access to the substrate funnel which operates to orient and pack the substrate in the active site for catalysis may be a factor. Similar structural
funnel has been also reported in yeast DAAO but not in pkDAAO.37 The substrate funnel is however
missing in bacterial LAAO which shares a 66% structural identity with crLAAO.36 The absence of funnel
seems to provide an advantage to roLAAO in the form of smaller Kms compared to crLAAO, and substrate
access seems limited only by diffusion.36 Superposition of the active sites of ligand bound (amino benzoate) pkDAAO and crLAAO has been carried out using inversion matrix and generating the mirror image
of liganded pkDAAO. Arg90 of crLAAO is equivalent to Arg283 of pkDAAO interacting with the carboxylate of amino benzoate. Ile430 of LAAO provided hydrophobic patch similar to Leu51 of DAAO.
Furthermore, the mirror symmetry of the two active sites happens on the plane perpendicular to the isoalloxazine ring of the flavin which allows preservation of enantioselectivity.37

2.3.2 Structural similarities and dissimilarities in DAAO, DADH, LAAO
In general, for optimal binding and catalysis of amino acids, a balance of hydrophobic and polar
interactions seems suitable. The three enzymes in question exemplify such interactions as outlined in the
previous sections. Hydrophobic active site is a common feature in all three enzymes as is the salt-bridge
stabilization of the carboxylate group through arginine residues (90, 283 and 222 of LAAO, DAAO and
DADH respectively). Further stabilization of the carboxylates of either the amino benzoate inhibitor or
bound imino product through hydrogen bonding is offered by tyrosine residues, 371, 228 and 249 in
LAAO, DAAO and DADH. The amino portion of the ligand is stabilized by hydrogen bonding interactions by His223 in LAAO and Tyr residues 224 and 53 in DAAO and DADH.34, 37, 41 The inversion matrix
work done on DAAO and amino benzoate complex shows that the His223 of LAAO and Tyr224 of DAAO
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lie in the same catalytic plane suggesting a common functionality in catalysis. Tyr53 of DADH further
is equivalent to Tyr224 in DAAO suggesting all the three residues are important catalytically. His223
which can exist in two alternative conformations as seen in the LAAO-amino benzoate and LAAO-citrate
complexes has been proposed to be required for catalysis possibly as an active site base. There is however
no direct evidence in favor of it. The histidine is fully conserved in all the LAAOs from different snake
venoms, however in roLAAO the histidine is not conserved and instead two water molecules and Asp227
is found in the vicinity.36 While in DAAO and DADH Tyr224 and Tyr53 are present in homologous
position to the histidine. It has been proposed that similar to His223 in LAAO, Tyr224 of DAAO may
have an important role in hydride transfer.37 Mutagenic studies on Tyr53 (mutated to Phe) in DADH
showed that catalysis is not significantly affected by the lack of hydroxyl group at that position ruling out
its role as an active site base (Chapter 4, unpublished data). As the architecture of the active site of
pkDAAO is very similar to PaDADH (Figure 2.4), the conclusion can be extended to pkDAAO. Furthermore, in yeast DAAO, the Tyr is replaced with an Ala in agreement with the previous conclusion. Recent
covalent modification studies using L-propargylglycine on crLAAO reinforced the importance of His223
which is conserved in snake venom LAAOs.42 crLAAO differs from the other enzymes in question as it
has a helical domain that is absent in DAAOs and DADH while it is projected away from the active site
in roLAAO.34, 36, 37, 41 In crLAAO most of the residues in the helical domain line the funnel leading to the
active site and His223 is part of that domain.37 Chemical modification studies showed that His223 is the
site of modification leading to irreversible inhibition of crLAAO.42 Therefore, active site His exclusive to
snake venom LAAOs may or may not be an active site base in the wake of no mechanistic evidence.
Examination of the active sites of pkDAAO, PaDADH and roLAAO shows the presence of water molecule(s) within a hydrogen bonding distance from the amine group of the ligand that needs to be deprotonated to allow further catalysis. In case of pkDAAO, the water molecule interacts with Tyr224, Gln53
and Gly313 and has been proposed to be a proton acceptor from the substrate amine.34 In PaDADH, a
proton relay can be envisioned between substrate amine, two water molecules connecting to His48 as
mechanistic studies on this enzyme asserts the requirement of base for optimal catalysis while chemical
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modification studies with DEPC suggest that an active site histidine is important for catalysis in PaDADH
(Chapter 3 in this dissertation). In roLAAO, similar to PaDADH, two water molecules have been proposed
to relay the amine proton to Asp227 that is present in the vicinity.36

Figure 2.4 Conserved Tyr residues in pkDAAO (blue) and PaDADH (purple)

In any of the active site topologies, a base strong enough to abstract the α-proton from the amino
acid substrate is lacking except in the case of crLAAO. But given the similarities of the active sites of
crLAAO with roLAAO, pcDAAO, PaDADH, it seems more likely for these enzymes to operate via a
common mechanistic pathway likely involving a hydride transfer (which will be described in the following section) in oxidizing the D/L-amino acid substrate.

2.4

Mechanism of amino acid dehydrogenation
The catalytic mechanism of flavin dependent C-N bond oxidations of amino acids can involve three

catalytic mechanisms. One mechanism involves initial carbanion formation through the abstraction of αH+ by a catalytic base, followed by removal of H+ from the –NH3+ group either by an active-site residue
or solvent resulting in the rearrangement of electrons to reduce the flavin (Scheme 2.4 a-b-c). The mode
of transfer of reducing equivalents to the flavin cofactor after the initiation of carbanion is not clear,
although formation of N5 or C(4a) adducts with the flavin cofactor has been proposed 9, 43-46. The mechanism requires that the cleavage of CH and NH bonds happen in two distinct steps with the CH bond
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cleavage happening first followed by the adduct formation and the cleavage of NH leading to flavin reduction. The second mechanism involves nucleophilic attack of the lone pair of amine nitrogen at the
electrophilic C(4a) site of flavin forming an adduct with a concomitant abstraction of α-H+ by the N5
atom of the flavin as seen in Scheme 2.4, f-g-h. Electronic rearrangement results in the breaking of the
product imine from the reduced flavin14. For a protonated amino acid, its deprotonation is essential prior
to the attack at C(4a) atom of flavin. Therefore, this mechanism also requires for NH and CH bond cleavages to occur in separate steps. The third mechanism involves cleavage of NH bond to deprotonate the
substrate amine thereby activating it for the transfer of a hydride directly from its α-C to the flavin cofactor
(Scheme 2.4 d-e). Thus, the order of events starts with the removal of H+ from the protonated amine
followed by CH bond cleavage. If the cleavages are rate limiting then use of substrate and solvent kinetic
isotope effects reporting on CH and NH bond cleavages can be exploited as useful probes to study the
catalytic mechanism of substrate oxidation by flavin dependent oxidases, oxygenases and dehydrogenases.

DAAO
D-Amino

acid oxidase, a paradigm for amine oxidation in D-amino acids, glycine and N-methyl-

ated amino acids catalyzing enzymes 9, 34, 47-51, formation of carbanion has been accepted to be obligatory
due to the oxygen dependent catalysis of HCl elimination from β-Cl-alanine along with the generation of
normal oxidation product, β-Cl-pyruvate 46. Despite studies using 5-deazaFAD in D-amino acid oxidase
demonstrating the transfer of α-hydrogen directly on to the flavin consistent with a hydride transfer mechanism 52, mechanism involving carbanion was still recognized as being viable 9. Deuterium and tritium
kinetic isotope effects determined using D-alanine, D-serine and glycine suggested that the CH bond cleavage was fully rate limiting while the lack of solvent KIE was taken as being against concerted mechanism
53

. This was consistent with a carbanion and a hydride transfer mechanism 53. However, with the availa-

bility of crystal structure of D-amino acid oxidase, the carbanion mechanism was rendered less credible
as there was no base close to the α-C to extract its proton and initiate the reaction.34 Furthermore, the use
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of N isotope effects suggested that rehybridization of substrate amine to imine was concomitant with
the cleavage of CH bond which is consistent with a hydride transfer mechanism but not carbanion mechanism 54.

DADH
Bacterial DADH has broad substrate specificity compared to DAAOs. However, the arrangement
of key residues proposed to be important for catalysis remains conserved among the two enzymes.41 Tyr53
and Tyr249 with ionizable side chains are positioned within 5 Å from the α-C while Tyr53 is ~ 4 Å from
the product imine which is the site of deprotonation during substrate amino acid oxidation. Mutagenic
studies on the two tyrosines ruled out any proposed role as active site base for these residues (Results
from Chapter 4 in this dissertation). The binding as well as catalysis is not significantly affected by the
replacement of Tyr to Phe at these sites. Tyr53 in PaDADH is equivalent in position to Tyr224 in
pkDAAO which has been proposed to be a potential base.34, 37 Due to lack of direct mechanistic evidence
and in the wake of the conclusions made in PaDADH, Tyr224 is less likely to be an active site base.
Furthermore, the fact that the residue is not found conserved in the yeast DAAO makes the argument less
favorable for Tyr224 in pkDAAO.
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Scheme 2.4 Schematic representation of carbanion mechanism (a-b-c), hydride transfer (d-e) and polar
nucleophilic attack (f-g-h) as catalyzed by amino acid oxidases and dehydrogenases. Scheme borrowed
from Chapter 4

For catalytically slower D-Leu as substrate, molecular dynamics (MD) simulations on PaDADH
showed that the binding free energy is much lower when a protonated (zwitterion) substrate is bound in
the active site compared to the unprotonated form. This observation suggested that the zwitterionic form
of the substrate is preferred for binding. Evidence in favor of this conclusion also comes from the Kd
measurements which shows pH dependence with a pKa of 9.6 with tight binding at pH below the measured
pKa. But at a pH above the pKa the Kd value increases as does the rate constant for flavin reduction suggesting that for catalysis the protonated amino acid needs to be deprotonated. Use of deuterium substrate
and solvent kinetic isotope effects demonstrated that the amine deprotonation and CH bond cleavages are
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asynchronous. These results are consistent with hydride transfer, carbanion or polar nucleophilic mechanisms.39 Mutagenic and isotope effects on the tyrosine mutants have been instrumental in settling the
mechanism of D-amino acid oxidation as being most consistent with the transfer of a hydride ion from
substrate onto the flavin in PaDADH. The lack of a strong base and any detectable intermediates along
with concerted synchronous deuterium isotope effects in the tyrosine mutants played against the carbanion9 and polar nucleophilic mechanisms.8, 9 After the magnitude of mechanistic studies on DAAO, PaDADH has surfaced as another example of enzymes involved in amino acid processing with mechanistic
and structural data favoring hydride transfer mechanism as the means of substrate oxidation.

LAAO
Mechanistic studies on LAAOs have lagged that of DAAOs and PaDADH. No direct mechanistic
study probing the catalytic mechanism has been carried out on LAAOs. Within this context, it is interesting to note that LAAO from Calloselasma adamanteus has been shown to be reversibly inactivated at a
pH above neutrality or upon freezing to -20 oC. Based on available crystal structures, active site topologies
and in comparison with the mechanistic data available for enantiomerically opposite DAAO, hydride
transfer mechanism from substrate L-amino acid to flavin has been proposed.36, 37 Base catalyzed hydride
transfer has been proposed for crLAAO and His223 is proximal to the substrate amine to take up such a
role.37, 42 However, a carbanion mechanism also cannot be ruled out in this scenario. Structural studies on
crLAAO with bound inhibitors and substrates showed that His223 assumed different conformations
strengthening the argument of its role as an active site base55. However, mutagenic work on conserved
His223 from crLAAO showed that the activity of His223Ser, His223Ala and His223Asn is comparable
to the wild-type and the native crLAAO. Therefore, it seems likely that His223 may be important for
substrate binding55 but not as a catalytic base in the reductive half-reaction. Bacterial LAAO lacks an
amino acid at the position homologous to His223 in snake venom LAAOs. Hydride transfer mechanism
has been strongly favored due to the lack of a strong catalytic base in the vicinity of the amino acid
substrate.36 roLAAO shares highest structural identity with mono amine oxidase (MAO).36 Notably, the
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first step in the demethylation of methyl and dimethyl lysine by LSD1, a MAO enzyme has been shown
to proceed via a hydride transfer mechanism using QM/MM studies.56

2.5

Conclusion
The purpose of the review article is to bring to light the significance of D-amino acids and reflect

upon the mechanistic and structural data available for amino acid oxidases in order to establish the most
common mechanistic pathway adopted by this class of enzymes. Using DAAO, DADH and LAAOs as
models, common structural features have been highlighted in view of the available structural data and
mechanistic conclusions have been drawn where necessary.
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3.1

Abbreviations
PaDADH, Pseudomonas aeruginosa D-arginine dehydrogenase; PMS, phenazine methosulfate;

DEPC, diethyl pyrocarbonate.

3.2

3.3

Highlights


Leucine is a non-sticky substrate for the enzyme



Arginine, lysine and methionine are sticky substrates for the enzyme



A group with pKa ≥7.9, likely Glu-79, is required to bind cationic but not zwitterionic substrates



A catalytic base with pKa ~9.5 is required for substrate oxidation, possibly His-48 or Tyr-53

Abstract
Pseudomonas aeruginosa D-arginine dehydrogenase (PaDADH) catalyzes the oxidation of D-argi-

nine to iminoarginine, which is non-enzymatically hydrolyzed to 2-ketoarginine and ammonia. All Damino acids with the exception of D-aspartate and D-glutamate are substrates for the enzyme, with the
highest kcat/Km values displayed by D-arginine and D-lysine. Here, we have used pH and kinetic isotope
effects to investigate how cationic and zwitterionic substrates bind to and are oxidized by PaDADH. The
effects of pH on kcat and kcat/Km were determined with cationic substrates D-arginine and D-lysine and the
zwitterionic substrates D-methionine and D-leucine. An unprotonated group with apparent pKa ≥7.9 is
required for binding cationic substrates, but not zwitterionic substrates. This group is likely Glu-87, whose
carboxylate is ≤2.8 Å from the imino side chain of iminoarginine. An unprotonated group with pKa of

42

~9.5 acts as general base for amine oxidation with cationic and zwitterionic substrates, possibly His-48
or Tyr-53. Lack of pH effects on the kinetic isotope effects for the rate constant of flavin reduction kred
with D-leucine established 9.5 as the intrinsic pKa, and D-leucine as a slow, non-sticky substrate. D-Arginine, D-lysine and D-methionine were significantly stickier than D-leucine as indicated by apparent pKa
<9.5 in both kcat/Km and kcat.

3.4

Introduction
Pseudomonas aeruginosa D-arginine dehydrogenase (PaDADH) catalyzes the flavin-mediated, ox-

idative deamination of D-arginine to iminoarginine, followed by the non-enzymatic hydrolysis in solution
of the imino product to give 2-ketoarginine and ammonia (Scheme 3.1).(1) All the standard D-amino acids
except for D-glutamate, D-aspartate, or glycine are oxidized by the enzyme,(1, 2) with D-arginine and Dlysine displaying rate constants for substrate capture of 105-106 M-1s-1.(2) L-Amino acids are not substrates
for PaDADH.(2) The enzyme is a strict dehydrogenase because during turnover it reacts with an electron
acceptor other than molecular oxygen, presumably ubiquinone in vivo.(3) Steady-state kinetics is consistent with a Ping-Pong Bi-Bi kinetic mechanism, as demonstrated with D-arginine or D-histidine as substrate and phenazine methosulfate (PMS) as electron acceptor.(3) In the reductive half-reaction the enzyme-bound flavin (PaDADHox) is reduced to hydroquinone with concomitant oxidation of the amino
acid to the imino acid (PaDADHox-P), as shown in Scheme 3.2. In the oxidative half-reaction the reduced
flavin is oxidized (in vitro) by PMS (Scheme 3.3). Flavin reduction is irreversible with D-histidine or Dleucine as substrate, as demonstrated by rapid kinetics.(3) With D-arginine, however, the reaction is too
fast and cannot be studied in a stopped-flow spectrophotometer.(3) Amine oxidation has been studied with
D-leucine,

which is amenable to mechanistic investigation using a stopped-flow spectrophotometer, with

pH, substrate and solvent kinetic isotope effects, as well as computational studies.(4) Free energy calculations and the pH profile for Kd are consistent with the enzyme binding preferentially the zwitterionic form
of D-leucine. After isomerization of the enzyme-substrate complex, amine deprotonation triggers the ox-

43

idation reaction, with cleavages of the NH and CH bonds of D-leucine occurring asynchronously, as suggested by multiple deuterium kinetic isotope effects on the rate constant for flavin reduction.(4) In this
respect PaDADH is similar to proline dehydrogenase,(5) but different from other flavin-dependent amine
oxidases, such as D-amino acid oxidase or monomeric sarcosine oxidase, for which amine oxidation occurs from the anionic substrate.(6)

Scheme 3.1 Oxidation of D-Arginine by PaDADH.

Scheme 3.2 Reductive Half-reaction of PaDADH.

Scheme 3.3 Oxidative Half-reaction of PaDADH.

The three-dimensional structures of PaDADH in complex with iminoarginine or iminohistidine, or
in the unliganded form have been previously solved at high resolution (1.06-1.3 Å), along with an atomicresolution structure of a 4-methyl-2-pentanone-FAD adduct in the enzyme co-crystallized with D-leucine.(2, 7) The structure with iminoarginine underlines the importance of the side chain carboxylate of Glu87 for binding the cation of the iminoarginine side chain, as shown in Figure 3.1.(7) Two tyrosine residues,
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i.e., Tyr-53 and Tyr-249, with the aid of Met-240 and Val-242 arrange into a hydrophobic pocket that
surrounds the central part of the iminoarginine side chain. The imine of the ligand is connected to His-48
through two intervening water molecules (Figure 3.1B). The ligand Cα atom is close to the flavin N(5)
atom, presumably indicating where the Cα atom of the amino acid substrate resides during catalysis. The
structure of the enzyme in complex with iminohistidine demonstrates that the imidazole of the ligand is
present in two alternate conformations, with H-bonding interactions with the side chains of His-48, Thr50, and either Glu-87 or Gln-336. A mobile loop, composed of residues 50-56, is present in two alternate
conformations in the unliganded and product-bound enzyme structures.(2) This flexible loop forms an
active site lid and is proposed to play an important role for substrate specificity and recognition, allowing
the enzyme to accommodate bulky substrates like phenylalanine or tryptophan.(2)

A

B

Figure 3.1 Interactions of iminoarginine with active site residues of PaDADH. C atoms are colored green
for each of the PaDADH active site residues and magenta for iminoarginine. FAD is represented by its
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isoalloxazine ring with the C atoms colored yellow. H-bond and ionic interactions are shown as dashed
lines. Two water molecules in the binding site are shown as red spheres. For clarity, panels A and B focus
on different interactions. Note that the side chains of Met-240 and Val-242 are present in two alternate
conformations. The Fo – Fc omit map of the ligand and two interacting water molecules is indicated in
panel B as blue mesh and contoured at 3.5σ.

In this study, we have used mechanistic approaches to investigate further the reaction of amine oxidation catalyzed by PaDADH. Effects of pH were determined on the steady-state kinetic parameters with
selected substrates and on the kinetic isotope effects associated with flavin reduction using D-leucine. The
results shed light on the ionization states of groups that are relevant to amine oxidation and provide further
mechanistic clues on the catalytic mechanism for amine oxidation by PaDADH.

3.5

Experimental Procedures

Materials
D-Methionine

and D-leucine were purchased from Sigma-Aldrich (St. Louis, MO). D-Arginine

and D-lysine were obtained from Alfa-Aesar (Ward Hill, MA). D-Leucined10 was obtained from CDN
Isotopes (Pointe-Claire, Canada). PaDADH was prepared as described previously.(2, 3) All other reagents
used were of the highest purity commercially available.

Steady-state Kinetics
The steady-state kinetic parameters for D-arginine, D-lysine, and D-methionine were measured
polarographically on a computer-interfaced O2 electrode by using the method of initial rates. The enzyme
does not react with O2, hence as electron acceptor we used PMS, which spontaneously reacts in its reduced
form with molecular oxygen.(8) The reaction was initiated by the addition of the enzyme, with final concentrations ranging from 5 nM to 2 μM depending on pH and the substrate used, yielding a reaction
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volume of 1 mL. Substrate concentrations ranged from 0.01-100 mM for D-arginine, 0.25-250 mM for Dlysine, and 1-186 mM for D-methionine, ensuring that the Km values determined were within the range of
substrate concentrations used at any given pH. The assays were carried out at 25 oC in 20 mM sodium
pyrophosphate (pH 8.5-10.0), 20 mM sodium phosphate (pH 6.0-8.5) or 20 mM piperazine (pH 4.75-6.0).
The concentration of PMS was kept fixed at 1 mM to ensure full saturation of the enzyme (Km = 10 µM),
as previously described.(2, 3) Data for D-leucine were taken from Yuan et al.(4)

Kinetic Isotope Effects
The reductive half-reaction of PaDADH with D-leucine was monitored using an SF-61DX2 HiTech KinetAsyst high performance stopped-flow spectrophotometer thermostated at 25 oC. The observed
first-order rate constants for flavin reduction (kobs) were determined at varying concentrations of D-leucine
or D-leucined10 between 0.5 and 50 mM under pseudo first-order conditions using the buffer system described above at pH 7.0, 8.5, and 10.0. Multiple measurements typically differed by ≤5%.

Chemical Modification of PaDADH by DEPC
PaDADH (1.5 μM) was incubated with 1.5 mM DEPC in the absence and presence of 8.9 mM
phenyl-guanidine, a competitive inhibitor of the enzyme with Kis of 0.9 mM in 20 mM sodium pyrophosphate, pH 9.5 and 25 oC. Hydroxylamine (200 mM final) was added directly to the DEPC-inactivated
enzyme after 60 min incubation. The enzymatic activity was assayed with 2 mM D-arginine as substrate
by withdrawing aliquots from the various reaction mixtures at different times. Due to fast hydrolysis of
DEPC in aqueous buffered solutions, which affects the kinetics of enzyme inactivation, the time courses
of inactivation are not shown and only data at a fixed time are reported.

Data Analysis
Kinetic data were analyzed with KaleidaGraph software (Synergy Software, Reading, PA) and the
Kinetic Studio Software Suite (Hi-Tech Scientific, Bradford on Avon, U.K.). Stopped-flow traces were
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fit to eq 1, which describes a single exponential process where kobs represents the observed first-order rate
constant for flavin reduction at any given concentration of substrate, t is time, A is the absorbance at 446
nm at any given time, B is the amplitude of the absorbance change, and C is the absorbance at infinite
time which in this case is the non-zero absorbance of the fully reduced enzyme. Kinetic parameters for
the reductive half-reactions were determined by using eq 2, where kobs is the observed first-order rate
constant for the reduction of the enzyme-bound flavin at any given concentration of substrate (S), kred is
the limiting first-order rate constant for flavin reduction at saturating concentrations of substrate, and appKd
is the apparent dissociation constant for binding of the substrate to the enzyme.

The apparent steady-state kinetic parameters at varying substrate concentrations were determined
by using the Michaelis-Menten equation for a single substrate. Previous results demonstrated a Ping Pong
Bi–Bi steady-state kinetic mechanism for PaDADH for both the fast substrate arginine and the slow substrate histidine, with a Km value for PMS of ~10 µM.(3) Consequently, when the steady-state kinetic parameters were determined at a fixed concentration of 1 mM PMS in this study, they approximate well the
true kcat, Km, and kcat/Km values for the amino acid substrate.
The pH profiles of the kcat values for D-arginine and kcat and kcat/Km values for D-methionine were
fit to eq 3, which describes a curve that increases with increasing pH with slope of +1 and a limiting value
(C) at high pH. The pH profiles of the kcat/Km values for D-arginine and D-lysine were fit to eq 4, which
describes a curve that increases with increasing pH with slope of +2, a limiting value (C) at high pH and
two indistinguishable pKa values. The pH profiles of the kcat values for D-lysine were fit using eq 5, which
describes a curve that increases with increasing pH to an intermediate value (CI) and it increases further
to a limiting pH-independent value (CH) at high pH with slopes of +1.



A  Bexp(kobst)  C
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Results

kcat/Km and kcat pH-Profiles with Cationic Substrates
The pH-dependences of the steady-state kinetic parameters kcat/Km and kcat were determined with
D-arginine

or D-lysine as substrate to establish relevant ionizations of groups involved in binding or ca-

talysis with cationic substrates, i.e., carrying a positive charge on the side chain. As shown in Figure 3.2,
the kcat pH-profile with D-arginine increased to a limiting value at high pH, defining the requirement for
an unprotonated group for catalysis. With D-lysine as substrate a similar pattern was seen at low pH, with
an unprotonated group required for catalysis having a pKa similar to that seen with D-arginine, although
the enzyme could not be saturated with D-lysine below pH 6.0 (Figure 3.2). Despite similar kcat values
with the two substrates up to pH 7.5, turnover with D-lysine was significantly faster than with D-arginine
at high pH, with a pH-profile identifying two plateaus at intermediate and high pH with D-lysine. Both Dlysine and D-arginine had kcat/Km pH-profiles increasing to limiting values with increasing pH (Figure
3.2). However, the ascending limbs clearly showed the presence of two unprotonated groups rather than
the single one seen in the kcat pH-profiles. The apparent pKa values and the pH-independent, limiting
values of kcat/Km and kcat determined with D-arginine and D-lysine are summarized in Table 3.1.
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Table 3.1 pH Effects on kcat/Km and kcat of PaDADH.
kcat/Km
pKa1 pKa2
(kcat/Km)Ha (M-1s-1)
pKa1
cationic substrates
D-arginine
7.3b,c 7.3b,c 2,700,000 (±400,000) 6.2b,d
D-lysine
7.9b,c 7.9b,c
590,000 (±140,000) ~6.2e
zwitterionic substrates
D-methio7.7b,d –
35,000 (±7,000)
6.9b,d
nine
D-leucineh
~9.5d,i –
~11,000 i
~9.5d,i
a
pH-independent limiting value at high pH.
b
(±0.1).
c
Determined by using eq 4.
d
Determined by using eq 3.
e
Inferred by visual inspection of Figure 5A.
f
(±0.3).
g
Determined by using eq 5.
h
From Yuan et al.(4)
i
Approximate value, due to plateau being not well defined.

pKa2

kcat
(kcat)Ha (s-1)

–
9.3f,g

150 (±20)
400 (±100)

–

190 (±20)

–

~100i

Figure 3.2 pH-profiles of kcat (A) and kcat/Km (B) with D-arginine (●) and D-lysine (○). PaDADH activity
was measured at varying concentrations of D-arginine or D-lysine and 1 mM PMS at 25 oC. Curves represent fits of the data to eqs 3-5.
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kcat/Km and kcat pH-Profiles with Zwitterionic Substrates
The pH-dependences of the steady-state kinetic parameters kcat/Km and kcat were determined with
D-methionine

or D-leucine as substrate to establish relevant ionizations of groups involved in binding or

catalysis with zwitterionic substrates, i.e., not carrying a positive charge on the side chain. With both Dmethionine and D-leucine, the pH-profiles of the kcat and kcat/Km values increased with increasing pH,
reaching limiting values at high pH, and demonstrating the requirement for a single unprotonated group
for catalysis (Figure 3.3). Table 3.1 summarizes the apparent pKa values and the pH-independent, limiting values of kcat/Km and kcat determined with D-methionine and D-leucine.

Figure 3.3 pH-profiles of kcat (A) and kcat/Km (B) with D-methionine (●) and D-leucine (○). PaDADH
activity was measured at varying concentrations of D-methionine or D-leucine and 1 mM PMS at 25 oC.
Curves represent fits of the data to eq 3.
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red pH-Profile

with D-Leucine

The pH-dependence of the kinetic isotope effects on the rate constant for flavin reduction at saturating substrate (kred) was determined with D-leucine to establish if the latter is a slow substrate for PaDADH for which apparent and intrinsic pKa values are identical. Flavin reduction was followed at 446
nm upon mixing the enzyme with varying concentrations of D-leucine in a stopped-flow spectrophotometer, yielding monophasic traces (Figure 3.4 shows the case of pH 8.5, with pH 7.0 and 10.3 being similar). The Dkred values were computed from the ratio of the kred values with D-leucine and D-leucined10
determined by plotting the observed rate constants for flavin reduction as a function of substrate concentration. As illustrated in Table 3.2, the Dkred had similar values in the pH range from 7.0 to 10.3.
Chemical Modification with DEPC
The effect of DEPC on the enzymatic activity of PaDADH was determined to evaluate whether
His-48 is important for catalysis. Incubation of the enzyme for 30 min with 1.5 mM DEPC at pH 9.5 and
25 oC resulted in 75% decrease of enzymatic activity with 2 mM D-arginine from 119 s-1 to 29 s-1. The
enzymatic activity decreased by only 15%, from 125 s-1 to 104 s-1, when the 1.5 mM DEPC treatment was
carried out in the presence of the competitive inhibitor phenyl-guanidine (8.9 mM, Kis = 0.9 mM at pH 9.5
and 25 oC, data not shown). These data are consistent with chemical modification by DEPC occurring at
the active site of the enzyme. The DEPC-inactivated enzyme regained ~100% of its initial activity, i.e.,
121 s-1, when treated with 200 mM hydroxylamine, consistent with histidine being the target of DEPC
modification.(9)

Table 3.2 pH Effects on Kinetic Isotope Effects with D-Leucine.
D
pH
kred
7.0a
4.6 (±0.9)
8.5b
5.2 (±0.4)
10.3c
5.1 (±0.1)
Experimental conditions: 20 mM asodium phosphate and bsodium pyrophosphate in H2O at 25 °C
with between 0.5 to 5 mM D-leucine and
D-leucine-d10.
c
From Yuan et al.(4)
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Figure 3.4 Kinetic isotope effects on kred at pH 8.5 with D-leucine (black) and D-leucined10 in (red). Panel
A shows representative time courses for the light and heavy substrate at 50 mM substrate concentration;
the traces were fit to eq 1. Panel B shows the concentration dependences of the observed rate constants
for flavin reduction at different substrate concentrations of protiated and deuterated leucine

3.7

Discussion
The substrates of PaDADH, which displays broad specificity being able to oxidize most of the D-

amino acids except D-aspartate, D-glutamate and glycine,(2) can be classified as cationic and zwitterionic,
depending on the presence of a charge on the side chain. In this study, we have used D-arginine, D-lysine,
D-methionine

and D-leucine to investigate mechanistically how cationic and zwitterionic substrates bind

to and are oxidized by PaDADH. Insights on the roles played by several functional groups in the active
site of the enzyme have emerged from the investigation, as discussed below.
The unprotonated side chain of Glu-87 is important for binding cationic substrates through an electrostatic interaction with the substrate side chain. This conclusion is supported by pH profiles of the
steady-state kinetic parameters and X-ray structures of the enzyme in complex with the iminoarginine
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product. While a single unprotonated group is required to achieve maximal kcat/Km values at high pH with
the zwitterionic substrates D-methionine and D-leucine, two groups are seen in the kcat/Km pH-profiles with
the cationic substrates D-arginine and D-lysine. The extra unprotonated group must be involved in substrate binding rather than catalysis, since it is not seen in the kcat pH-profiles, which show the requirement
for a single unprotonated group required for catalysis with both cationic and zwitterionic substrates. Further support for Glu-87 interacting with the side chain of the cationic substrates comes from the X-ray
structures of the enzyme in complex with iminoarginine and one of the two alternate conformations of
iminohistidine,(2) showing the carboxylate chain of Glu-87 at ≤2.8 Å away from the guanido and ε-amino
groups of the cationic products of reaction.
The pKa of Glu-87 is perturbed by the protein microenvironment to a value ≥7.9, as suggested by
the kcat/Km pH-profiles with the cationic substrates D-arginine and D-lysine. The intrinsic pKa, however,
cannot be estimated accurately because different pKa values were determined with D-arginine and D-lysine. Since pKa values determined from kcat/Km pH-profiles refer to ionizations of the free enzyme or
substrate, but not of enzyme-substrate complexes,(10) the different values determined with D-arginine and
D-lysine

reflect the stickiness of these substrates, which refers to the propensity of the enzyme-substrate

complex to catalyze amine oxidation rather than releasing the substrate to bulk solvent (i.e., k3/k2 in
Scheme 3.2). Since substrate stickiness perturbs apparent pKa values outward in kcat/Km pH-profiles,(10)
D-arginine,

with a pKa of 7.3, is stickier than D-lysine, with pKa of 7.9. However, no conclusion on the

stickiness of D-lysine can be drawn with the data available, preventing the determination of the intrinsic
pKa value of Glu-871.
An unprotonated group with intrinsic pKa of ~9.5 is required for catalysis with both cationic and
zwitterionic substrates, as suggested by the pH profiles of the steady-state kinetic parameters. Both kcat

1

Since Glu-87 does not interact with the side chain of D-leucine, the perturbations of the apparent pKa of Glu-87 and of the
proposed general base participating in catalysis, which is instead common to all substrates oxidized by PaDADH, are not the
same. For this reason, while the ΔpKa values attributed to the chemical step of catalysis allows the determination of the intrinsic
pKa value of the base (vide infra), the same cannot be done to establish the intrinsic pKa value of Glu-87.
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and kcat/Km with D-arginine, D-lysine, D-methionine and D-leucine increased to limiting values with increasing pH. This establishes the requirement for an unprotonated group acting in the chemical step of
amine oxidation rather than in substrate binding, since kcat excludes binding steps because the enzyme is
saturated with the substrate.(11) Previous solvent kinetic isotope effects ruled out the possibility of the pKa
being that of the substrate amine, since amine deprotonation occurs in the step probed by kred.(4) The linear
decrease with decreasing pH in both kcat and kcat/Km with all the tested substrates is consistent with the
unprotonated group acting as general base catalyst rather than electrostatic catalyst, since in the latter case
the kinetic parameters would approach a limiting, lower value at low pH. The apparent pKa values determined in the kcat and kcat/Km pH profiles with D-leucine approximate well the intrinsic pKa of the general
base, since D-leucine is a slow, non-sticky substrate for PaDADH. This conclusion comes from the pHindependence of the Dkred value for the reduction of the enzyme-bound flavin with D-leucine between pH
7.0 and 10.3, where both kcat and kcat/Km depend on pH, which establishes that the enzyme-substrate complex is not committed to catalysis and that D-leucine is not a sticky substrate.(12) Independent support for
D-leucine

being a slow substrate is provided by the comparison of the pKa of ~9.5 determined for kcat/Km

with the pKa of 9.6 recently reported for the kred pH-profile with D-leucine.(4) A reasonable candidate for
the role of general base in the active site of PaDADH is His-48, which is bridged to the ligand imine
through two water molecules in the PaDADH complex with iminoarginine. Support for His-48 being
required for catalysis comes from the effect of DEPC treatment on PaDADH, resulting in loss of enzymatic activity due to chemical modification of the active site of the enzyme that could be completely
reversed by treatment of the inactivated enzyme with hydroxylamine.(9) His-48 is the histidine residue
closest to the active site. Previous studies on other enzymes have indeed established that hydroxylamine
commonly reverses DEPC modification of histidine residues. (9) An alternate possibility is that Tyr-53 is
the general base, being located on the mobile loop 50-56 with its hydroxyl at ≤3.8 Å away from the imine
of iminoarginine.(2)
D-Arginine

is considerably stickier than D-leucine, followed by D-methionine and D-lysine, as sug-

gested by the perturbations of the apparent pKa values in the kcat/Km pH-profiles from the intrinsic value
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of ~9.5 determined with D-leucine. Substrate stickiness can be computed by using eq 6, where ΔpKa is
the difference between the apparent and intrinsic pKa values. As expected from the kcat/Km of 106 M-1s-1,
D-arginine is the stickiest substrate, with k3/k2 of 160, likely due to the optimization of the active site with

key residues involved in binding, such as Tyr-53, Arg-222, Tyr-249, Arg-305 and, most importantly, Glu87. Interestingly, D-methionine is as sticky as D-lysine, with comparable k3/k2 ratios of 60 and 40, respectively, despite lack of interaction of its side chain with Glu-87. This is possibly due to the S atom establishing anion-π interactions with the phenols of both Tyr-53 and Tyr-249.(13)

 k 
pKa  log1 3 
 k2 



(6)

The cationic side chains of the iminoarginine and iminolysine products contribute to their stickiness
compared to products lacking a positive charge. This conclusion is supported by the pH-profiles of the
kcat values, showing apparent pKa values with D-arginine and D-lysine ~3 pH units lower than the intrinsic
value of ~9.5 determined with D-leucine. Perturbations of pKa values in kcat pH-profiles are symptomatic
of a kinetic step other than the chemical step of catalysis being at least partially rate-determining for the
overall turnover of an enzyme saturated with substrates.(10) Since PaDADH operates through a Ping-Pong
Bi-Bi kinetic mechanism in steady-state and previous studies established that the oxidative half-reaction
with PMS as electron acceptor is fast,(4) the only first-order kinetic step other than amine oxidation in the
reductive half-reaction of the enzyme is product release (k5 in Scheme 3.2). Most likely product stickiness
with cationic substrates is due to the interaction of the positive charge present on the side chain of the
ligand with the carboxylate of Glu-87, as suggested by the structures of the enzyme in complex with
iminoarginine. The similar pKa perturbations seen with D-arginine and D-lysine suggest that the interaction of the carboxylate of Glu-87 with the side chain of the ligand has the same effect on the rate of
turnover of PaDADH irrespective of the presence of an ε-amino or guanido group on the product side
chain. The increase in kcat from ~150 s-1 to 400 s-1 seen in the pH-profile with D-lysine above pH 9.3 is in
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agreement with product stickiness with D-lysine being due to its cationic side chain, since at high pH the
latter is expected to be unprotonated, thereby making product release fast. Interestingly, iminomethionine
is also considerably stickier than iminoleucine, as suggested by the apparent pKa of 6.9 compared to the
intrinsic pKa ~9.5. Since both lack a cationic side chain, the stickiness of iminomethionine cannot be due
to electrostatic interactions with Glu-87. Rather, potential anion-π interaction of the ligand S atom with
the aromatic rings of Tyr-53 and Tyr-249 are likely responsible for the stickiness of iminomethionine,(13)
as also proposed for D-methionine.
In conclusion, we have used pH profiles, kinetic isotope effects, and chemical modification to investigate the mechanism of amine oxidation in PaDADH. The enzyme is able to oxidize both cationic and
zwitterionic D-amino acids, providing a unique tool to discern the structural-functional relationships for
broad substrate specificity. This study established: a) The importance of Glu-87, with pKa ≥7.9 for binding
cationic substrates carrying a charge on the side chain; b) The general base that deprotonates the amine
substrate has a pKa of ~9.5, with structural data suggesting either His-48 or Tyr-53; and c) Cationic substrates and products are sticky, resulting in steady-state turnover being primarily populated of substrate
and product complexes rather than free enzyme. Future studies will use site-directed mutagenesis to mechanistically investigate several of the amino acid residues identified in the active site of PaDADH by the
structural-functional investigation presented here, including His-48, Tyr-53, Glu-87 and Tyr-249.
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MECHANISTIC AND COMPUTATIONAL STUDIES ON THE REDUCTIVE HALF-REACTION OF TYROSINE TO PHENYLALANINE ACTIVE SITE VARIANTS OF

D-AR-

GININE DEHYDROGENASE
(This chapter also has contribution by Dr. Sarah Sirin (computational analysis))

4.1

Abbreviations
PaDADH; D-Arginine Dehydrogenase, KIE; Kinetic Isotope Effects, FAD; Flavin Adenine Dinu-

cleotide IAR; Iminoarginine, DAAO; D-amino acid Oxidase, PLP; Pyridoxal Phosphate, MD; Molecular
Dynamics, QM/MM; Quantum Mechanical/Molecular Mechanical.

4.2

Abstract
The flavin-mediated enzymatic oxidation of a CN bond in amino acids can occur through hydride

transfer, carbanion or polar nucleophilic mechanisms. Previous results with D-arginine dehydrogenase
from Pseudomonas aeruginosa (PaDADH) using multiple kinetic isotope effects (KIEs) and computational studies established preferred binding of the substrate protonated on the α-amino group, with the
cleavages of the NH and CH bonds occurring in asynchronous fashion, consistent with the three possible
mechanisms. The hydroxyl groups of Y53 and Y249 are ≤4Å from the imino and carboxylate groups of
the reaction product iminoarginine, suggesting participation in binding and catalysis. In this study, we
have investigated the reductive half-reactions of the Y53F and Y249F variants of PaDADH using substrate and solvent KIEs, solvent viscosity and pH effects and QM/MM computational approaches to gain
insights on the catalytic roles of the protein hydroxyl groups and evaluate whether the mutations affect
the transition state for substrate oxidation. Both Y53F and Y249F enzymes oxidized D-arginine with
steady-state kinetic parameters similar to wild-type enzyme. Rate constants for flavin reduction (kred) with
D-leucine, a slow substrate amenable to rapid kinetics, were <3-fold than wild-type with similar pKa values

for an unprotonated group of ~10.0. Similar pKa values were also observed for appKd in the Y53F, Y249F
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and wild-type enzymes. However, cleavage of the substrate NH and CH bonds in the mutants occurs in
synchronous fashion, as suggested by multiple KIEs on kred. These data can be reconciled with a hydride
transfer mechanism, but not with carbanion and polar nucleophilic mechanisms.

4.3

Introduction
Pseudomonas aeruginosa D-arginine dehydrogenase (PaDADH) is a member of a structural family

consisting of D-amino acid oxidase, sarcosine oxidase, dimethyl glycine oxidase, and glycine oxidase.1-7
The enzyme, along with L-arginine dehydrogenase (PaLADH) is part of a recently discovered, two-enzyme system involved in D- to L-arginine racemization in pseudomonads and related species (Scheme
4.1).8,9 Prior to this discovery, racemization between D- and L-amino acids was known to be catalyzed
only by single PLP-dependent or -independent racemases.10 PaDADH is an FAD-dependent enzyme that
oxidizes D-arginine to iminoarginine, which is then hydrolyzed non-enzymatically to 2-ketoarginine and
ammonia (Scheme 4.1A).8 The latter are substrates for the NAD(P)H-dependent PaLADH for the synthesis of L-arginine (Scheme 4.1B). L-Arginine is shuttled through different pathways to yield physiologically important compounds in bacteria11 as well as mammals12 (Scheme 4.1B). Although PaDADH is
primarily involved in arginine metabolism in P. aeruginosa, the enzyme has broad substrate specificity
for D-amino acids except D-aspartate, D-glutamate, and glycine.9
The FAD-mediated oxidation of the CN bond in PaDADH was recently investigated with D-leucine, a
catalytically slow substrate for the enzyme.13 With arginine, the mechanistic analysis is precluded since
>85% of the reaction happens within the mixing time of the stopped-flow spectrophotometer (i.e., 2.2
ms).14 Deuterium kinetic isotope effects (KIE) and solvent effects (isotope, pH and viscosity) in combination with molecular dynamics simulations are consistent with preferred binding to the enzyme of Dleucine protonated on the α-amino group.13 Multiple deuterium KIE on the rate constant for flavin reduction (kred) established that cleavages of the NH and CH bonds occur in asynchronous fashion. Three mechanisms for CN bond oxidation are consistent with the available data
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Scheme 4.1 Schematic illustration of D- to L-arginine racemization in P. aeruginosa and possible fates of
L-arginine.

.
If a strong active site base abstracts the substrate α-proton with pKa ~17,15 the resulting carbanion
would react with the flavin N5 atom forming a covalent N5-flavin adduct (Scheme 4.2, a-b-c).1,16-20 Alternatively, a polar nucleophilic attack of the lone pair of electrons of the substrate α-amine at the flavin
C4a atom may form a covalent C4a-flavin adduct (Scheme 4.2, f-g-h).21 In both mechanisms, cleavage
of the substrate NH bond would occur stepwise to CH bond cleavage, either before (f) or after (c) formation of a covalent adduct with the flavin. If deprotonation of the substrate α-amine occurs first, it would
trigger CH bond cleavage through the transfer of a hydride ion from the substrate to the flavin N5 atom
(Scheme 4.2, d-e). While in principle the transfer of a single electron and a hydrogen atom from the
substrate to the flavin is possible, mechanistic studies have yet to demonstrate in flavoproteins the transient existence of the resulting radical species in reactions with physiological substrates.
During reduction of PaDADH with D-leucine13 or D-histidine14 no reaction intermediates characteristic of flavin C4a and N5 adducts, i.e., with absorbance maxima in the 360 to 400 nm region, were reported, consistent with a hydride transfer mechanism. However, carbanion and polar nucleophilic mechanisms could not be ruled out solely based on these observations since flavin adducts that decay faster
than they form, would not accumulate.
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Scheme 4.2 Possible mechanisms for CN bond oxidation by PaDADH: carbanion (a-b-c), hydride transfer
(d-e) and polar nucleophilic attack (f-g-h).

Steady-state and rapid kinetics pH-profiles with D-leucine demonstrated in PaDADH the requirement for catalysis of an unprotonated group with pKa of 9.6.13,22 A protonated group with pKa of ~10.3
favors the binding of the substrate to the enzyme.13 X-ray crystallography of the enzyme in complex with
iminoarginine or iminohistidine showed that Y53 is suitably positioned in the active site to deprotonate
the substrate α-amine,13,22 being on a mobile loop with its hydroxyl oxygen atom at ≤3.8 Å from the imine
of iminoarginine (Figure 4.1). The side chain of Y249 interacts with the substrate carboxylate at a distance of ~2.8 Å, suggesting that Y249 may be the protonated group that facilitates substrate binding (Figure 4.1).
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In this study, we have individually replaced Y53 and Y249 with phenylalanine to investigate the
roles of their hydroxyl groups in catalysis and binding in PaDADH and gain insights on the relative timing
of CH and NH bond cleavage. To this end, we used steady-state and rapid reaction kinetics, pH and solvent
effects, deuterium substrate, solvent and multiple KIE, and QM/MM computational approaches. The results presented allow us to rule out two of the three possible reaction mechanisms and establish how CN
bond oxidation is achieved in PaDADH, thereby advancing knowledge of amino acid oxidation catalyzed
by flavin-dependent enzymes.

Figure 4.1 The active site of PaDADH in complex with iminoarginine at 1.3 Å resolution (PDB: 3NYE).
The distances in Å of the hydroxyl oxygen atom of Y53 and Y249 to the imine nitrogen atom or carboxylate oxygen atom of the reaction product are shown in black, whereas those to the Cα atom are in red.

4.4

Experimental Procedures

Materials. Escherichia coli Rosetta(DE3)pLysS was from Novagen (Madison, WI). QIAprep Spin Miniprep kit was obtained from Qiagen (Valencia, CA), QuickChange site-directed mutagenesis kit was
purchased from Stratagene (La Jolla, CA). Oligonucleotides for site-directed mutagenesis and sequencing of the mutant genes were obtained from Sigma Genosys (The Woodlands, TX). D-Arginine and
phenazine methosulfate (PMS) were purchased from Sigma-Aldrich (St. Louis, MO). D-Leucine was
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obtained from Alfa Aesar and D-leucine-d10 was obtained from CDN isotopes (Canada). 99.9% deuterium oxide was purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA). All other reagents
used were obtained in their highest purity commercially available.

Site-directed Mutagenesis, Expression, and Purification of the Y53F and Y249F Enzymes. The
Y53F and Y249F enzymes were prepared by site-directed mutagenesis using the cloned wild-type gene
pET20b(+)/PA3863 as template. Site-directed mutagenesis was performed as per the manufacturer’s
manual using the QuickChange kit. DMSO was added at a final concentration of 5% to ensure proper
separation of double stranded DNA template. Each mutation was confirmed through sequencing the
gene using an Applied Biosystems Big Dye Kit on an Applied Biosystems model ABI377 DNA sequencer, at the DNA Core Facility of Georgia State University. Rosetta(DE3)pLysS cells were transformed via heat-shock. All steps of protein expression and purification were carried out at 4 oC using the
published protocol for the wild-type enzyme.14

Steady-State Kinetics. Steady-state kinetic parameters with D-arginine (0.01-3.0 mM) were determined
by measuring initial rates of reaction with an oxygen electrode in the presence of 1 mM PMS (Km =10
μM) as electron acceptor in 20 mM Tris-Cl, pH 8.7 and 25 oC, as previously described.14 As for the
wild-type enzyme, both Y53F and Y249F enzymes showed no oxygen consumption in absence of PMS,
indicating that the mutations did not confer oxidase activity to the enzyme.

Reductive Half-Reaction. Reductive half-reactions were carried out using an SF-61DX2 Hi-Tech
KinetAsyst high performance stopped-flow spectrophotometer at 25 oC. For substrate, solvent, and multiple KIE, as well as pH and solvent viscosity effects, the published protocols and buffers previously
used for the wild-type enzyme were employed.13 Final concentrations of D-leucine and enzyme were
0.1-50 mM and ~10 µM to ensure pseudo first-order kinetic conditions. KIE were carried out in 20 mM
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EDTA, pL 10.5 and 25 C, in either H2O or 99.9% D2O with D-leucine and D-leucine-d10 as substrates,
as previously described for the wild-type enzyme.13

Computational Characterization. Computational models of the reactant were prepared based on wildtype crystal structures of PaDADH (PDB accession codes: 3NYC and 3NYE).23 To model the open,
substrate free configuration of PaDADH 3NYC was used, which corresponds to 70% occupancy of the
ligand free open conformer22. The Y53 side chain rotamer corresponding to the open configuration was
modeled after removing the imino product. For all other amino acids with multiple rotamers, side chains
with higher occupancies were used. For the closed, substrate bound PaDADH configuration, we used
the 3NYE crystal structure because it has 100% occupancy of the product22 and transformed the iminoarginine product to the D-arginine or D-leucine substrate. For both open and closed models, the isoalloxazine ring was modeled in its oxidized form, which is the state prior to substrate oxidation. Missing hydrogen atoms were added and optimized using the Protein Preparation Wizard24 in Maestro.25 In silico
PaDADH variants with Y249F and Y53F single point mutations were generated using Residue Scanning module of BioLuminate26 for substrate-free, D-leucine, and D-arginine bound configurations. PaDADH binding sites of open configurations were characterized using SiteMap27 by first calculating the
binding site volume as beads placed on a 1 Å grid and determining the local hydrophobic-hydrophilic
character.
QM/MM geometry optimizations for all Pa-DADH models were performed at the B3LYP/6-31G* and
B3LYP/cc-pVDZ+ levels of theory, as implemented in QSite.28 For substrate-free models, the QM regions included the Y53(F), Y249(F) side chains, and the isoalloxazine ring of flavin cofactor (Figure
4.2a). For substrate-bound configurations, D-leucine/arginine substrates were also included in QM region, as illustrated in Figure 4.2b. The rest of the system was treated using the OPLS200529,30 molecular mechanics force field. Local electrophilicity was predicted for the C4a and N5 atoms based on computed global electrophilicity power of the system and the regional Fukui functions. Fukui functions can
be used to describe the electron density in a frontier atomic orbitals,31,32 while the global electrophilicity
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of a system is a quantitative approximation of the likelihood of a system to accept electrons, and is calculated as electronegativity squared divided by twice the chemical hardness.33-35

Figure 4.2 Illustration of the QM region in (a) open, substrate free, and (b) closed, substrate bound configurations. R1 in panel b denotes the D-leucine and D-arginine side chains. For simplicity, only wildtype PaDADH is shown.

Data Analysis. Data were fit with the KaleidaGraph software (Synergy Software, Reading, PA),
Enzfitter software (Biosoft, Cambridge, U.K.), Kinetic Studio Software Suite (Hi-Tech Scientific, Bradford on Avon, U.K.) or the global-fitting analysis software SPECFIT/32.
Time-resolved flavin reductions were fit to eqs 1 and 2, which describe single and double exponential
processes for flavin reduction. kobs, kobs1 and kobs2 are the first-order rate constants associated with the
absorption changes at 446 nm at a given concentration of substrate, t is time, A is the absorbance at 446
nm at any given time, B, B1 and B2 are the amplitudes of the absorption changes, and C is the absorbance at infinite time to account for the non-zero absorbance of the reduced enzyme.

A = Bexp(−k obs t) + C

(1)

A = B1 exp(−k obs1 t) + B2 exp(−k obs2 t) + C

(2)
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Reductive half-reaction kinetic parameters were determined by using eqs 3 and 4, which describe hyperbolic trends with and without a y-intercept. kobs is the observed first-order rate constant for the reduction of the flavin at any given concentration of substrate (S), kred is the limiting first-order rate constant
for flavin reduction at saturating concentrations of substrate, krev is the limiting first-order rate constant
for the reverse of flavin reduction, and appKd is the apparent equilibrium constant for dissociation of the
enzyme-substrate complex into free enzyme and substrate.

𝑘obs =

𝑘red S
𝑎𝑝𝑝𝐾d +S

𝑘

+ 𝑘rev

S

red
𝑘obs = 𝑎𝑝𝑝𝐾
+S
d

(3)

(4)

Substrate deuterium KIEs were calculated using eq 5, which applies for a KIE on the kred value. Solvent deuterium and multiple KIEs were calculated using eq 6, which describes a KIE on the kred value
and a solvent effect on the Kd value due to pH. Fi represents the fraction of heavy atom Dkred is the KIE
on kred, and SE(Kd) is the solvent effect due to pH on the apparent Kd value elicited by substituting H2O
with D2O at those pL values where Kd is not pH-independent.13

𝑘𝑜𝑏𝑠 =

𝑘𝑜𝑏𝑠 =

𝑘𝑟𝑒𝑑 𝑆
(𝐾𝑑 +𝑆)[1+𝐹𝑖 (𝐷𝑘𝑟𝑒𝑑 −1)]

𝑘𝑟𝑒𝑑 𝑆
𝐷𝑘
𝐾𝑑 [1+𝐹𝑖 ( 𝑟𝑒𝑑 )−1]+𝑆[1+𝐹𝑖 (𝐷𝑘𝑟𝑒𝑑 −1)]
𝑆𝐸(𝐾 )
𝑑

(5)

(6)

The pH dependences of the kred values were fit using eq 7, where kred(lim) represents the pH-independent limiting value for flavin reduction at high pH and pKa is the apparent value for the ionization of a
group that must be unprotonated for flavin reduction.
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𝑘

(lim)

𝑟𝑒𝑑
log 𝑘𝑟𝑒𝑑 = log (1+10
)
𝑝𝐾𝑎−𝑝𝐻

(7)

The pH dependence of the krev value with Pa-DADH-Y53F was fit using eq 8 describing a curve with
two plateau regions; where krev(L) and krev(H) indicate lower and higher limiting values at low and high pH
respectively and ka is the dissociation constant of the ionizable groups.
𝑘𝑟𝑒𝑣(L) +𝑘𝑟𝑒𝑣(𝐻) ×(10𝑝𝐻−𝑝𝐾𝑎 )

log 𝑘𝑟𝑒𝑣 = log (

1+10𝑝𝐻−𝑝𝐾𝑎

)

(8)

The pH dependences of the Kd values were fit using eq 9, which describes a curve with a slope of +1
at high pH and a plateau region that defines a limiting, pH-independent Kd value at low pH, i.e., Kd(lim).

log 𝐾𝑑 = log (𝐾𝑑 (lim) × (1 + 10𝑝𝐻−𝑝𝐾𝑎 ))

4.5

(9)

Results

Purification of the Y53F and Y249F Enzymes. Y53 and Y249 of PaDADH were mutated to phenylalanine using site-directed mutagenesis and the resulting proteins were expressed and purified to high
levels following the same procedure previously used for the wild-type enzyme.14 The Y53F enzyme
exhibited a UV-visible absorption spectrum similar to wild-type (Figure 4.3), whereas the Y249F variant was present in two forms that could be separated on a DEAE-Sepharose column: a yellow fraction
containing FAD (Figure 4.3) and a green fraction, containing a modified form of FAD (data not
shown). The yellow fraction was enzymatically active, whereas the green fraction was inactive. Hence,
this work focuses on the yellow fraction; the inactive green fraction is currently under investigation and
will be discussed in future work. Both the Y53F and Y249F enzymes oxidized D-arginine, with steadystate kinetic parameters at 1 mM PMS similar to the wild-type enzyme at pH 8.7 (Table 4.1).
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Table 4.1 Apparent Steady-State Kinetic Parameters for wild-type, Y53F, and Y249F PaDADH.
app
app
Enzyme
kcat/Km (M-1s-1) appKm (mM)
kcat (s-1)
Wild typea 3.4 (±0.3) x 106
0.06 (±0.01) 204 (±6)
b
6
Y53F
1.2 (±0.1) x 10
0.36 (±0.01) 420 (±4)
Y249Fb
3.4 (±0.3) x 106
0.06 (±0.01) 204 (±6)
a
Experimental conditions: Taken from Fu et.al.35
b
20 mM Tris-HCl, pH 8.7, 25 oC and 1 mM PMS; 0.01-3mM D-Arginine

Figure 4.3 UV-Visible absorption spectra of the Y53F (blue), Y249F (green), and wild-type PaDADH
(black) in 20 mM Tris-Cl, 10% glycerol, pH 8.7 and 22 oC.

pH Profiles of kred. The reductive half-reaction with D-arginine in the Y53F and Y249F enzymes was
too fast to be studied in a stopped-flow spectrophotometer, with >80% of the flavin being completely
reduced within the mixing time of the instrument (i.e., 2.2 ms). This was previously observed in the
wild-type enzyme.14 The reaction was thus investigated with D-leucine as the reducing substrate, for
which data for the wild-type enzyme are available to compare and contrast. Flavin reduction was monitored at 446 nm upon mixing PaDADH (~10 μM) with varying concentrations of D-leucine (≥100 μM)
to ensure pseudo-first order conditions. With the exception of the Y249F enzyme at pH ≥10.0, the
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stopped-flow traces with both mutant enzymes were best fit to single exponential processes at any pH
(Figure 4.4).

Figure 4.4 Reductive half-reactions for the Y53F and Y249F enzymes with D-leucine. Stopped-flow
traces at 446 nm at varying D-leucine concentrations are shown for Y53F at pH 8.0 (top panel) and Y249F
at pH 9.0 (bottom panel); Eox is the absorbance of the enzymes in the oxidized state after mixing with
buffer. Insets show the concentration dependences of kobs with the best fit of the data points obtained with
eqs 3 and 4 for the Y53F and Y249F enzymes, respectively.
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At high pH, the Y249F enzyme showed biphasic flavin reduction with a slow phase independent
of D-leucine concentration, which accounted for ~10% absorption change. This was probably due to partially damaged enzyme, since the Y249F enzyme was relatively unstable at high pH. With both enzymes, observed rate constants for flavin reduction (kobs) increased hyperbolically with increasing substrate concentration, defining limiting rate constants for flavin reduction at saturating concentration of
D-leucine

(kred) (Figure 4.4 insets). For the Y53F enzyme, y-intercepts significantly different from zero

were obtained by fitting the data to eq 3, consistent with reversible flavin reduction (Figure 4.4 inset).36
A similar pattern was seen with the Y249F enzyme at pH ≤8.0, whereas the y-intercepts with the latter
enzyme were negligible at pH ≥8.5 (Figure 4.4 inset). With both enzymes the reversibility was more
prominent at low pH due to a progressive decrease in the kred values (Figure 4.5). In contrast, previous
results with the wild-type enzyme demonstrated negligible y-intercepts in the same pH range from 7.0 to
10.5.13
The kred values for the Y53F and Y249F enzymes increased with increasing pH (Figure 4.5), defining apparent pKa values not significantly different from the value of 9.6 previously determined for the
wild-type enzyme (Table 4.2). The estimated pH-independent kred values with both mutant enzymes
were <3-fold lower than in the wild-type enzyme (Table 4.2), indicating that neither Y53 nor Y249 is
essential for amine oxidation. With the Y53F enzyme, the krev increased with increasing pH between
limiting values at low and high pH of 0.05 (±0.01) s-1 and 0.7 (±0.1) s-1, respectively, defining a pKa of
9.1 (±0.2) (Figure 4.5). The appKd values were pH-independent below pH 8.5 and increased with increasing pH (Figure 4.6), defining apparent pKa values slightly lower than in the wild-type enzyme (Table 4.2). While the pH-independent appKd for the Y249F enzyme was similar to wild-type, the value for
the Y53F enzyme was 7-fold lower (Table 4.2).
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Figure 4.5 Effects of pH on kred and krev of the Y53F (top panel) and Y249F enzymes (bottom panel) with
D-leucine. The kred values (●) were fit with eq 7, whereas the krev values (o) were fit with eq 8 for the
Y53F enzyme. The horizontal line in the plot of the Y249F enzyme is the average of the krev values.

Figure 4.6 Effects of pH on appKd of the Y53F and Y249F enzymes with D-leucine. Data points were fit
with eq 9.
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Table 4.2 pH Dependence of kred and Kd in wild type, Y53F, and Y249F PaDADH.
Enzyme
kred(lim), s-1 pKa (kred) Kd(lim), mM
Wild typea 133 (±5)
~9.6b
3.5 (±0.3)
b
b
Y53F
~50
~10.0
0.5 (±0.1)
Y249F
~70b
~9.8b
3.5 (±0.3)
a
12
Taken from Yuan et.al.
b
Approximate value as the plateau is not well defined

pKa (Kd)
10.3 (±0.1)
9.0 (±0.1)
9.6 (±0.1)

Substrate Deuterium KIEs on kred. Substrate deuterium KIEs were measured with D-leucine and Dleucine-d10 at pL 10.5 to gain insights on the status of the CH bond in the transition state for amine oxidation catalyzed by the Y53F and Y249F enzymes. Dkred values >4 were observed in aqueous buffered
solutions with both the Y53F and Y249F enzymes (Table 4.3). Upon substitution of H2O with D2O, the
substrate deuterium KIE increased slightly in the Y53F enzyme, whereas it decreased slightly in the
Y249F enzyme. The changes, however, were not significant within standard deviation (Table 4.3).

Solvent Deuterium KIEs on kred. Solvent deuterium KIEs were measured at pL 10.5 to probe the status
of the substrate NH bond in the transition state for amine oxidation catalyzed by the Y53F and Y249F
enzymes. The high pL was chosen because kred is independent of pL in the wild-type13 and the mutant
enzymes (Table 4.2), thereby eliminating possible artifactual effects due to different ionization of relevant groups in H2O and D2O. The data were fit to eq 6, which allows for the determination of the D2Okred
values while accounting for solvent effects due to pH on the appKd values, as previously carried out for
wild-type PaDADH.13 Small but significant D2Okred values with magnitudes similar to wild-type PaDADH were determined for both mutant enzymes (Table 4.3). Since D2O is ~25% more viscous than
H2O, there exists the possibility that the small D2Okred values could be due to viscosity rather than isotope
effects. This was assessed by determining the effect of solvent viscosity on the rate constant for flavin
reduction in the absence and presence of 10% glycerol, which provides viscosity at 25 oC equivalent to
that of D2O. The solvent viscosity effect on kred, expressed as kred/ kred(glycerol), was 1.06 (±0.04) for the
Y53F enzyme and 0.94 (±0.01) for the Y249F enzyme, consistent with the D2Okred values arising from
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KIE and not solvent viscosity effects, as previously established for the wild-type enzyme. Substitution
of D-leucine with D-leucine-d10 resulted in a slight increase in the D2Okred value with the Y53F enzyme
and no changes with the Y249F enzyme (Table 4.3).

Multiple KIEs on kred. Multiple deuterium isotope effects (D,D2Okred) were carried out to dissect the
contributions of the hydroxyl groups of Y53 and Y249 on the relative timing of CH and NH bond
cleavages in the transition state(s) for amine oxidation catalyzed by the mutant enzymes. The D,D2Okred
values for both Y53F and Y249F enzymes at pL 10.5 are summarized in Table 4.3. The D,D2Okred is similar within standard deviation to the product of the individual deuterium isotope effects D(kred) H2O x
D2O

(kred) H for Y53F and Y249F mutant enzymes. In contrast, in the wild-type enzyme the multiple KIE

was slightly lower than the product of the individual ones (Table 4.3).13
Table 4.3 KIEs on kred in the Y53F and Y249F enzymes a
KIE
Y249Fb
Y53Fb
D
(kred)H2O
4.7 (±0.1) 4.2 (±0.4)
D
(kred)D2O
4.3 (±0.1) 5.0 (±0.2)
D2O
(kred)H
1.3 (±0.1) 2.1 (±0.1)
D2O
(kred)D
1.3 (±0.1) 2.3 (±0.1)
D, D2O
(kred)
5.7 (±0.1) 12 (±2)
D
D2O
(kred)H2O ·
(kred)H
6.1 (±0.2) 9 (±1)
Experimental conditions: aFrom Yuan et.al.12;
b
20 mM EDTA, pL 10.5, 25 oC

Wild typea
5.1 (±0.1)
4.7 (±0.1)
1.8 (±0.1)
1.6 (±0.1)
7.8 (±0.1)
9.0 (±0.2)

Time Resolved Absorption Spectroscopy. The reductive half-reaction of the Y53F and Y249F enzymes, as well as wild-type PaDADH, were further studied at pH 10.5 in a stopped-flow spectrophotometer equipped with a photo-diode-array detector. Irrespective of D-leucine or D-leucine-d10 as substrate, flavin reduction occurred without transient accumulation of any flavin-derived intermediate, as
indicated by the stopped-flow traces at any wavelength between 300 and 700 nm (Figure S1).
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Relative Flavin Electrophilicity at the C4a and N5 Atoms. The active site of PaDADH was mapped
computationally for hydrophilic and hydrophobic characteristics as described in the methods section.
Initially, this was done with the Y53F, Y249F and wild-type enzymes in the absence of substrate to reveal any possible effects of mutagenesis on the binding pocket and substrate recognition (Figure 4.7).
The hydrophilic regions were further characterized as hydrogen bond donor and acceptor regions, colored blue and red, respectively. In the substrate free state, the Y249F mutation changes the hydrogen
bond donor character near the flavin N5 atom compared to wild-type, while no changes were seen in
the Y53F enzyme.

3NYC

3NYC(Y53F)

3NYC(Y249F)

Figure 4.7 Electrophilicity of the substrate binding sites close to the flavin C4a and N5 atoms in wildtype, Y53F and Y249F PaDADH. Hydrophilic regions are divided into hydrogen-bond donor (blue) and
acceptor regions (red), whereas hydrophobic regions are shown in yellow. The white spheres denote
SiteMap points that are placed into 1 Å grid and used to calculate the binding site volume used to evaluate
the binding site.

Since the X-ray crystallographic structure of PaDADH previously resolved demonstrated that in the
enzyme-iminoarginine complex the loop containing Y53 is in a closed conformation, as opposed to the
open conformation seen in the substrate free enzyme, local electrophilicity indexes were computed also
for the ligand-bound enzyme. This showed that the flavin N5 atom was a better electrophile than the flavin

76

C4a atom, irrespective of the starting configurations, presence or absence of substrate and substrate identity (Figure S2-3).

4.6

Discussion
A previous study of the reductive half-reaction of wild-type PaDADH using substrate and solvent

KIEs established that the oxidation of D-leucine to the imino product 4-methyl-2-oxopentanoate occurs
through the asynchronous cleavages of the substrate NH and CH bonds.13 Thus, amino acid oxidation
could take place via hydride transfer, a carbanion or a polar nucleophilic mechanism (Scheme 4.2).
Here, we have investigated the reductive half-reactions of the Y53F or Y249F variants of PaDADH using substrate and solvent KIEs, solvent viscosity and pH effects and QM/MM computational approaches. The mutations were selected because in the X-ray crystallographic structure of the wild-type
enzyme in complex with the reaction product iminoarginine the hydroxyl groups of the two tyrosines
are ≤4 Å from the imino and carboxylate moieties of the ligand, suggesting participation in catalysis and
binding. 13,22
The cleavages of the NH and CH bonds of D-leucine catalyzed by the Y53F and Y249F variants of
PaDADH occur in synchronous fashion, consistent with a hydride transfer mechanism for flavin reduction. Strong evidence for a hydride transfer mechanism, in which the substrate amine proton is in flight
in the transition state for CH bond cleavage, comes from the deuterium multiple KIEs on the kred value
determined with both mutant enzymes. In the transition state for amino acid oxidation, substrate deuterium KIEs directly probe the status of the CH bond, whereas solvent deuterium KIEs report on the status
of the substrate NH bond. The Dkred values are >4 in both enzymes, consistent with CH bond cleavage
contributing to the transition state leading to amino acid oxidation. Similarly, D2Okred values >1 were determined with both mutant enzymes, suggesting that NH bond cleavage also contributes to the transition
state for amino acid oxidation. With the Y53F enzyme, the D, D2Okred obtained with D-leucine in water
and D-leucine-d10 in D2O is 12, which is similar to, if not slightly larger than, the product of the individual substrate and solvent deuterium KIEs with a value of 9 (Table 4.3). With the Y249F enzyme, the D,
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kred is the same of the product of the individual KIEs, i.e., 5.7 vs. 6.1. This is consistent with the two

bonds probed by the substrate and solvent KIEs being cleaved in concerted, synchronous fashion.36 In
contrast, a stepwise mechanism in which the two bonds are cleaved in two separate kinetic steps, such
as in carbanion and polar nucleophilic mechanisms, is not consistent with the observed results because a
multiple deuterium KIE significantly smaller than the product of the individual deuterium KIEs is expected in this case.36 Consistent with a hydride transfer mechanism of reaction, QM/MM computations
demonstrate that the flavin N5 atom accepting the hydride ion from the amino acid substrate is a better
electrophile than the C4a atom, which has been proposed to be more reactive in other flavoprotein oxidases, such as monomamine oxidase.21
Despite Y53 is suitably positioned in the active site of the enzyme to deprotonate the substrate αamine,13,22 this residue is not the catalytic base with pKa of 9.6 that triggers the hydride transfer reaction
to the flavin. Evidence in support of this conclusion comes from the reductive half-reaction determined
with D-leucine as substrate, showing only a <3-fold decrease in the limiting value for kred at high pH in
the Y53F enzyme as compared to the wild-type. Although the limited stability of the mutant enzyme at
pH >10.5 hampered an accurate determination of the pKa value, the pH profile for kred in the Y53F enzyme demonstrates that an unprotonated group is still required for flavin reduction. These results are
consistent with Y53 not being the catalytic base in PaDADH. Similar conclusions are drawn for Y249
based on the results of the rapid reaction studies on the Y249F enzyme, showing a <3-fold decrease in
the pH-independent kred value at high pH and the presence of a pKa similar to that of the wild-type enzyme for an unprotonated group required for catalysis. Thus, site-directed mutagenesis showed that neither tyrosine is responsible for the pKa of 9.6 in wild-type PaDADH. Previous studies on wild-type PaDADH using molecular dynamics simulations showed that the pKa of D-leucine increases upon binding
to the enzyme, consistent with preferred binding of the zwitterionic form of the substrate.13 Since substrate deprotonation is required for the hydride transfer reaction, it is likely that the pKa of ~10.0 seen in
the pH profile of kred for the Y53F enzyme, and 9.6 in the wild-type PaDADH, reflects the deprotonation of the amino acid substrate in the oxidized enzyme-substrate complex (Scheme 4.3). The alternate
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possibility of H48 acting as catalytic base appears less likely, although it cannot be ruled out at this
stage, because its side chain is separated by two intervening water molecules from the α-imine of the
reaction product in the crystal structure of the enzyme in complex with iminoarginine.37 The anionic
form of the amino acid substrate as the productive species that undergoes oxidation was previously proposed for D-amino acid oxidase based on mechanistic, structural and computational studies.1
The side chain hydroxyl of Y249 is not involved in substrate binding in wild-type PaDADH, as previously proposed based on its location in the crystal structure of the enzyme in complex with iminoarginine. Thus, the pKa of 10.3 seen in the pH profile of the appKd value previously reported for the wild-type
enzyme is assigned to the substrate α-amino group (Scheme 4.3). Evidence for this conclusion comes
from the pH profile of the appKd value determined in a stopped-flow spectrophotometer for the Y249F
enzyme, with a pH-independent appKd value of 3.5 mM that is identical to that of the wild-type enzyme.13 Replacement of Y249 with phenylalanine results in a shift of the pKa from 10.3 to 9.6, underlining the importance of establishing pH effects when comparing kinetic parameters of mutant and wildtype enzymes. 38 The Y53F enzyme also shows a perturbed pKa for appKd, with a value of 9.0. Interestingly, substrate binding in the Y53F is 7-fold tighter than in the wild-type enzyme, as indicated by the
pH-independent appKd value of 0.5 mM compared to 3.5 mM at low pH. This may be the result of increased hydrophobic interactions between the benzene moiety of F53 and the hydrophobic side chain of
D-leucine.

Conversion of the oxidized enzyme-amino acid complex to the reduced enzyme-imino acid complex in
PaDADH becomes reversible upon removing the hydroxyl group from either Y53 or Y249. This is in
contrast to the wild-type enzyme, for which irreversible flavin reduction was previously established.13
Evidence for reversible flavin reduction comes from the reductive half-reactions of the Y53F and Y249F
enzymes with D-leucine at low pH, showing non-zero y-intercepts in the plots of the observed rates of
flavin reduction (kobs) as a function of the concentration of substrate. This behavior is observed over a
limited pH range in the Y249F enzyme, i.e., 7.0 to 8.2, with the rate constant for the reverse of
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Scheme 4.3 The reductive half-reaction catalyzed by the Y53F enzyme with D-leucine a
a

FAD, oxidized flavin; FADH-, anionic hydroquinone; FADH2, neutral hydroquinone; SH, zwit-

terionic D-leucine; S-, anionic D-leucine; P, imino leucine product; yellow oval, enzyme-substrate complex; green oval, enzyme-product complex

the flavin reduction reaction (krev) becoming negligible compared to kred, and therefore not amenable to
measurement, as the pH increases >8.2. However, with the Y53F enzyme reversible flavin reduction is
observed throughout the pH range from 7.0 to 10.5 used in the experiment, allowing for a mechanistic
analysis of the reductive half-reaction in the latter mutant enzyme. Reversible flavin reduction in the oxidation of amino acids was previously reported in D-amino acid oxidase from Trigonopsis variabilis using p-substituted phenylglycine substrates and glycine oxidase from Bacillus subtilis with proline as
substrate.3,39
The kred and krev values determined with the Y53F enzyme do not simply reflect the same kinetic step
in the forward and reverse direction because if this were the case one would expect superimposable pH
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profiles for log kred and log krev according to the principle of microscopic reversibility. The minimal kinetic mechanism for the reductive half-reaction shown in Scheme 4.3 is consistent with the observed
results. At high pH, the Michaelis complex of the oxidized enzyme and anionic substrate is competent
for the subsequent hydride transfer reaction. The resulting reduced enzyme-product complex then partition between the (true) reverse of the flavin reduction step, yielding the initial oxidized enzyme-substrate complex, and the release of the reaction product from the reduced enzyme. Due to the high pH,
the anionic hydroquinone is both the species that is formed in the kred step and that goes through the krev
step. At low pH, instead, the Michaelis complex involves the zwitterionic substrate, which is deprotonated within the oxidized enzyme-substrate complex to allow for the subsequent hydride transfer reaction. The enzyme-bound flavin in the resulting reduced enzyme-product complex is immediately protonated due to the low pH, presumably in a rapid equilibrium fashion. This yields a reduced enzyme-product complex of the neutral hydroquinone, which partitions between the reverse of the flavin reduction
step and the release of the product from the reduced enzyme. In this case, however, conversion of the
oxidized enzyme-substrate complex to the reduced enzyme-product complex and the opposite reaction
do not proceed through the same pathway since in the former the substrate and reduced flavin are unprotonated and in the latter they are protonated (Scheme 4.3). The pKa of 9.1 that is established in the pH
profile of krev is therefore assigned to the ionization of the flavin N1 atom in the reduced enzyme. For
comparison, reduced FMN has pKa values between 5.8 and 7.0 when bound to flavodoxin from
Megaspahera elsdenii,or Desulfovibrio vulgaris,40 and 6.7 when free in solution,41 as previously established through optical or redox determinations.

4.7

Conclusions

In summary, through the use of mechanistic and computational approaches and site-directed mutagenesis we have demonstrated that the FAD-mediated oxidation of the substrate CN bond in PaDADH occurs via hydride transfer. The mutant enzymes lacking hydroxyl groups in the active site, which were
engineered through mutagenesis of Y53 and Y249 to phenylalanine, stabilize transition states for the

81

amino acid oxidation reaction in which the substrate NH and CH bonds are cleaved in synchronous
fashion. In contrast, the transition state is asynchronous in the wild-type enzyme, as previously reported.13 The change in the relative timing for NH and CH bond cleavage can be rationalized for a hydride transfer reaction, because removal of the protein hydroxyl groups would destabilize partial charge
accumulation on the CN bond in the transition state. Both carbanion and nucleophilic mechanisms cannot be reconciled with the results of the mutant and wild-type enzymes unless one assumed that the removal of either protein hydroxyl group have a dramatic change in the mechanism of the reaction, which
seems very improbable. A similar conclusion was proposed for flavocytochrome b2, based on mutagenesis and mechanistic studies using KIEs.42 Hydride transfer mechanisms have been recently discussed
for D-amino acid oxidase and sarcosine oxidase,1 which belong to the same structural family of D-arginine dehydrogenase. Thus, as more studies using mutagenesis, kinetic, structural and computational approaches are carried out evidence in favor of hydride transfer as the most likely mechanism for amino
acid oxidation by flavoproteins is accumulating. PaDADH is further emerging as a model system along
with the well-characterized D-amino acid oxidase1,7 for the study of flavin-dependent amino acid oxidation, as evidenced by the mechanistic and structural data from this and previous studies.13,14,37
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5

BIOCHEMICAL AND STRUCTURAL CHARACTERIZATION OF GREEN FLAVIN
FROM MUTANT VARIANT OF D-ARGININE DEHYDROGENASE
(This chapter also has contributions by Dr. Alexander Spring (NMR), Dr. Sarah Sirin (computational
analysis))

5.1

Abbreviations
DADH, D-arginine dehydrogenase; TMAD, Trimethylamine dehydrogenase; AMID, apoptosis-

inducing factor-homologous mitochondrion-associated inducer of death; TCA, tricholoroacetic acid;
TFA, trifluoroacetic acid;

5.2

Introduction
Flavin adenine dinucleotide and flavin mononucleotide (FMN) are vitamin B2 derived cofactors that

are incorporated into many enzymes for catalytic activity (Scheme 5.1). Flavoenzymes are yellow in color
and are found to be involved in multitude of reactions ranging from cell growth, DNA repair, apoptosis,
etc.1 The reactive center of flavins is the conjugated-aromatic (iso)alloxazine ring system (Scheme 5.1).
The (iso)alloxazine moiety is formed by the fusion of xylene, pyrazine and pyrimidine rings. This configuration confers chemical versatility to flavins which is further fine-tuned by the protein active site allowing the isoalloxazine to participate in one or two electron redox reactions. The spectral properties and
reactivity of flavins are greatly affected when functional groups like CH, OH, SH, NH2, SCN, Cl, and Br
were introduced synthetically to different sites, including N1, O2, O4 N5, C6, C7, C8, C9 and N10, of the
(iso)alloxazine ring. These synthetic modified flavins were used as probes to elucidate chemical mechanisms of flavoenzymes.2-8 Around that time, the first instance of a natural modification on the (iso)alloxazine – was reported in two enzymes in 1974 by Ghisla et.al. One is the native electron transferring flavoprotein from bacterial, Peptostreptococcus elsdenii with a modification of the FAD cofactor at the 6th
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position on the (iso)alloxazine by a hydroxyl functional group (Scheme 5.2). The same modification on
the FMN cofactor was also reported in pig liver glycolate oxidase.9 Since then, there have been other
reports of hydroxylated flavins at the 6th position in a variety of aerobic and anaerobic, as well as prokaryotic and eukaryotic organisms (Table 5.1). In general the flavin cofactors in these enzymes were partially
hydroxylated and the hydroxylated flavin – enzyme complex was reported to be catalytically inactive.
The functional relevance of this partial hydroxylation however remains to be discerned.

Scheme 5.1 Chemical structure of flavins

Scheme 5.2 Some modifications of the (iso)alloxazine moiety resulting in long wavelength absorbance
and green coloration.
Note that the ‘R’ functional group is the same as seen in Scheme 5.1.
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In the current study, mutagenesis work on recombinant D-arginine dehydrogenase isolated from
Pseudomonas aeruginosa resulted in a variant enzyme with similar characteristics described in other enzyme systems summarized in Table 5.1.10 The wild-type enzyme is mainly involved in the oxidation of
D-arginine,

while displaying broad substrate specificity for other neutral and hydrophobic D-amino acids

(Scheme 5.3).11, 12 Crystallographic and mechanistic data of the wild-type enzyme suggested that several
active site residues might engage in important polar and non-polar interactions for facilitating D-amino
acid oxidation by the FAD cofactor.11, 13-15 One such interaction that is part of the proposed binding pocket
involving Y249, R222 and R305, is the polar interaction between the phenolic oxygen atom of Y249 and
the carboxylate moiety of the imino product, which is conserved across the different enzyme-imino product complexes.11, 13 Mutagenesis of Y249 to phenylalanine resulted in a variant enzyme that could be
differentiated into yellow and green fractions. The yellow fraction retained the activity of the wild-type
enzyme and has been characterized for its role in amine oxidation (Chapter 4), while the green fraction
had spectral properties similar to that previously reported for other enzymes (Table 5.1). Notwithstanding,
studies of synthetic flavins with modifications made at the 6th or 9th positions of the (iso)alloxazine with
either OH, SH, N3 have also been shown to have very similar spectral properties.4, 7 Therefore, in the
current study the green fraction from DADH-Y249F enzyme was subject to further biochemical and computational characterization.
Here, we used a combination of UV-visible absorbance spectroscopy, liquid chromatography, 1H,
and

13

C NMR, mass spectrometry approaches to unequivocally establish the site and functional group

involved in the modification of the cofactor. Furthermore, computational approaches were employed to
gain insights about the novel-cofactor isolated from PaDADH at the molecular level.
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Scheme 5.3 General reaction mechanism of PaDADH.
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Table 5.1 Enzymes with 6 OH flavins.
Enzyme
Electron-transferring flavoprotein (ETF)9
Glycolate oxidase9

Native/
Source
recombinant
Native
Peptostreptococcus elsdenii

Type

Cofactors

Year

FAD & 6-OH-FAD

Activity of
6-OH-Flavin
Inactive

FMN & 6-OH-FMN

Inactive

1974

Native

Pig liver

Bacterial (Grampositive anerobic)
Mammalian

D-aspartate oxidase16

Native

Beef Kidney

Mammalian

FAD & 6-OH-FAD

Inactive

1987

D-aspartate oxidase17

Native

Octopus vulgaris

Molluscan

FAD & 6-OH-FAD

Inactive

1994

Cellobiose dehydrogenase18

Native

Humicola insolens

Fungal

Partially active

1999

Cellobiose quinone dehydrogenase19
TMAD20

Native

Sporotrichum pulverulentum

Fungal

Heme, FAD & 6OH-FAD
FAD & 6-OH-FAD

Partially active

1986

Native

Methylophilus methylotrophus

Bacterial

Inactive

1997

TMAD20

Recombinant

Methylophilus methylotrophus

Bacterial

Inactive

1997

TMAD W355L20

Recombinant

Methylophilus methylotrophus

Bacterial

Inactive

1997

a

Recombinant

Methylophilus methylotrophus

Bacterial

Fe-S cluster,
FMN & 6-OH-FMN
Fe-S cluster,
FMN & 6-OH-FMN
Fe-S cluster,
FMN & 6-OH-FMN
Fe-S cluster,
FMN
6-OH-FAD

Inactivea

1996

Active

2005

b

TMAD C30A21, 22

AMID23
Recombinant Homo sapiens
Mammalian
a
6 –OH FMN is formed during turnover with excess substrate (trimethylamine or dimethylamine)
b
apoptosis-inducing factor-homologous mitochondrion-associated inducer of death

1974
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5.3

Experimental Procedures

Materials
Rosetta(DE3)pLysS, an expression strain of E.coli was purchased from Novagen (Madison, WI). BSA and MgCl2 were obtained from Promega (Madison, WI). QIAprep Spin Miniprep
kit has been obtained from Qiagen (Valencia, CA), QuickChange site-directed mutagenesis kit has
been obtained from Stratagene (La Jolla, CA), oligonucleotides for site-directed mutagenesis and
sequencing of the mutant genes were obtained from Sigma Genosys (The Woodlands, TX). DArginine, Luria-Bertani agar, Luria-Bertani broth, chloramphenicol, IPTG, lysozyme, sodium hydrosulfite (dithionite), Phenazine methosulfate (PMS) and phenylmethanesulfonyl fluoride
(PMSF) have been purchased from Sigma-Aldrich (St. Louis, MO). D-Leucine has been obtained
from Alfa Aesar. The mutant of DADH-Y249F has been prepared and expressed as described
previously. The un-tagged mutant enzyme was purified using the protocol described for wild-type
enzyme involving a DEAE-Sepharose Fast Flow column. All other reagents used were obtained
in their highest purity commercially available.

Reverse-phase HPLC
The cofactors from DADH-Y249F were extracted by acid precipitation using 10% tricholoroacetic acid stock at a final concentration of 7% in the sample mixture. The reaction was allowed
to proceed for 30 min on ice-bath and in dark and the sample was centrifuged at 10,000 X g rpm
for 10 minutes. The supernatant which was at a pH≤1was yellow and the process as stated above
was repeated one more time on the pellet to ensure maximal extraction of the chromophores from
the enzyme. The supernatant was retained for further purification using SCL-10A VP SHIMADZU
reverse-phase HPLC capable of diode array detection. The stationary phase was µBondapak C18
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column (15 cm x 4.6 mm) and the mobile phase was H2O + 0.01% TFA as solvent A and 5%
acetonitrile + 0.01% TFA as solvent B. Blank run was performed at a 5 to 100% gradient of solvent
B from 0 to 60 min and at 100% B for 10 min to ensure the column is free of any debris from the
previous runs. The C18 column was then equilibrated in 5% solvent B prior to loading a sample
volume of 1.4 mL onto it via a 2mL sample loop. The elution conditions are the same as the blank
run and the flow rate for all runs was 0.5 mL/min. Wavelengths of 446 and 421 nm were monitored
for FAD and the modified cofactor.

1H

and 13C NMR Studies
NMR experiments were conducted on a Bruker Avance 600 MHz spectrometer equipped

with a 5 mm QXI 1H (31P,

13

C,

15

N) probe (Bruker).

1D 1H spectra were collected using the

watergate W5 pulse sequence for water suppression (Liu, 1998). A 100 ms mixing time was used
for TOCSY spectra. Heteronuclear 1H-13C HSQC spectra were processed with a shifted squared
sine bell multiplication in both dimensions (SSB=2). For all NMR experiments, samples were
prepared in 10 mM sodium phosphate (pH 7.0) and referenced to 4,4-dimethyl-4-silapentane-1sulfonic acid (DSS) at 25 °C, unless otherwise stated. Sample concentrations of HPLC purified
modified FAD and FAD varied based on purification yields but generally ranged from 15 to 30
μM for the modified FAD and 100 μM for FAD samples; synthesized FAD and 6-OH-FAD sample
concentrations were 300 μM.

91

Mass Spectrometry
Molecular mass of the cofactors was analyzed using mass spectrometry in the negative
electrospray ionization (ESI) mode at the Mass Spectrometry Laboratory of the Georgia State University. The samples retrieved from NMR analyses were passed through HPLC to eliminate the
high salt and the DSS reference added to the samples. Accurate mass analysis was carried out
using a Thermal Fisher Orbitrap Elite mass spectrometer equipped with ESI source in negative ion
mode. The samples were analyzed with an LC-MS profile without the use of column. The sample
was eluted isocratically with 20% ACN in H2O and 0.1% HCOOH at a flow rate of 8 µL/min.

Spectroscopic Studies
The modified cofactor extracted from DADH-Y249F by TCA precipitation and purification using HPLC as described in the previous sections was subjected to SpeedVac for ~ 14 hours
to remove the acetonitrile-H2O mixture from the sample. The powder was resuspended in 20 mM
sodium phosphate and -20 mM sodium pyrophosphate buffer at pH 6.0. The concentration of the
purified 6-OH-FAD cofactor was calculated using the extinction coefficient of 19.6 mM-1cm-1 at
422 nm at pH 5.6 for free 6-OH-FAD.9 The effect of pH on the absorbance spectra of the buffered
6-OH FAD was measured by titration with 0.5 M KOH at 15 oC.
The reactivity of enzyme bound 6-OH-FAD was measured spectroscopically by monitoring the absorbance change between 500-800 nm regions. The concentration of 6-OH-FAD was
calculated using the extinction coefficient for free 6-OH-FAD.9 The fraction of DADH-Y249F
containing FAD and 6-OH-FAD as cofactors was allowed to react with 1mM D-arginine and 13
mM D-leucine in 20 mM Tris-HCl, pH 8.7 at 25 oC.
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Data Analyses
Data from UV-visible spectroscopy, NMR studies, mass spectrometry were analyzed using
Xcalibur 2.2. softwares and KaleidaGraph software (Synergy Software, Reading, PA). Schemes 1,
2 and 3 were generated using CambridgeSoft ChemBioDraw from PerkinElmer.
The pH dependence of absorbance at 585 nm for purified 6-OH-FAD from DADH-Y249F
was fit to equation 1, where CL and CH represent pH independent limiting values for the absorbance
at 585 nm at low and high pH respectively.
𝑨𝒃𝒔𝟓𝟖𝟓 𝒏𝒎 =
5.3.1

𝑪𝑳 +𝑪𝑯
𝟏+𝟏𝟎𝒑𝑲𝒂−𝒑𝑯

(1)

Computational Methods

The computational models were based on the X-ray crystal structure of DADH (PDB accession code: 3NYC). All missing side chains and hydrogen atoms were added using Protein
Preperation Wizard.24-27 Protonation states of ionizable amino acid side chains were determined
using PROPKA28 and hydrogen bond networks were subsequently optimized via restrained energy
minimization. Residue scanning module of BioLuminate,29, 30 which uses a rotamer library in
Prime31 for side-chain sampling and the VSGB2.032-34 implicit solvent model with the
OPLS200535-37 force field for energy evaluations, was used to generate DADH-Y249F variant. For
both wild type and Y249F variants, FAD molecule was modified to its 6-OH-FAD form. The
resultant 4 models were geometry optimized using Prime with OPLS2005 force field and VSGB
solvent model. Sitemap38 was used to characterize the active sites of the generated DADH variants.
Watermap39 was used to calculate the properties, such as location, free energy, enthalpy, and entropy, of structural waters within the binding cavity through a combination of molecular dynamics,
solvent clustering, and statistical thermodynamic analysis. Each model was optimized using
QSite40, in which the QM region was described using B3LYP/6-31G* and included (iso)alloxazine
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ring of bound FAD. Local electrophilicity flavin was calculated using as described earlier in Chapter 4.

5.4

Results

Purification and Spectral Properties of DADH-Y249F
Purification of DADH-Y249F enzyme was carried out using the protocol for wild-type
enzyme and 10% glycerol was included in all steps of the purification to minimize the loss of noncovalently bound cofactor. The enzyme loaded on a DEAE sepharose column had two distinct
bands, a green band and below it, a yellow band, in 20 mM Tris-HCl at pH 8.0. This yellow portion
eluted first under the gradient of a high salt buffer (20 mM Tris-HCl + 500 mM NaCl, pH 8). The
enzyme was collected in two major fractions, which were a predominant yellow and a green fraction. The absorption spectrum of the yellow fraction was identical to wild type, suggesting that
this fraction is enriched with unmodified FAD (Figure 5.1). The chromophore of green fraction
showed broad absorption at the long wavelengths between 500 to 800 nm. Additionally, the peaks
at 450 to 370 regions for FAD were blue shifted by about 30 to 40 nm for the green chromophore.
The yellow fraction had apparent kinetic properties very similar to the wild-type enzyme (Refer to
Chapter 4). Full separation of the enzyme bound green chromophore from the yellow fraction was
not achieved and as a result activity assay on the oxygen electrode using PMS as in vitro electron
acceptor used for yellow fraction of DADH-Y249F was not useful in this case.
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Figure 5.1 UV-visible absorbance spectrum of green and yellow fractions. The dashed curve represents the spectrum of the fraction of DADH-Y249F enriched predominantly by the green chromophore after DEAE-Sepharose fractionation with peaks at 340, 430 and ~625 nm; the solid curve
represents the spectrum of DADH-Y249F enriched by FAD as cofactor with peaks at 346 and 446
nm. The conditions at which either spectrum were recorded are 20 mM Tris-HCl + 10% glycerol,
pH 8.7 at 22 oC. At the same conditions the wild-type had peaks at 370 and 447 nm.

Isolation of Chromophores from PaDADH-Y249F
In order to establish the identity of the green chromophore from PaDADH-Y249F, the cofactor was extracted from the enzyme and purified for further characterization. The enzyme was
subjected to acid precipitation using TCA to isolate the cofactor (see Methods for details). The
extracted green cofactor was separated from FAD using reverse-phase HPLC: FAD eluted first
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with a retention time (tR) of ~21 minutes as judged by the UV-visible absorbance spectrum (Figure
5.2, B). The second chromophore eluted in two peaks with retention times starting approximately
at 22 and 24 minutes. The first fraction contained trace amount of FAD while the second fraction
was well separated (Figure 5.2, A). The pH of the cofactor samples was around 1 due to the presence of TFA and all samples collected were yellow. On adjusting the pH close to 7, the spectral
properties of FAD remained unchanged, however, the spectrum of the other cofactor changed as
seen in Figure 5.2A, inset. The color of the sample also changed from yellow to pale green. The
absorbance spectrum of the cofactor at neutral pH had peaks at 325, 427 and ~600 nm, and resembled that of modified FAD chromophore with a hydroxylation at the 6th position of the (iso)alloxazine ring moiety.4, 7, 9 However, hydroxylation at the 9th position of the (iso)alloxazine is also
characterized by broad absorbance in the 500 to 800 nm region with additional peaks at 440 and
332 nm.7 So we had to further examine and establish whether the collected sample was hydroxylated at the 6th or the 9th position.
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Figure 5.2 UV-visible absorbance spectrum of chromophores obtained from HPLC. Panel A:
spectrum of modified FAD with a retention time of ~24 min on the C18 column at pH 0f 1.0 and
inset shows the spectrum of the same sample after the pH has been adjusted to 7.5. Panel B:
spectrum of FAD after elution from the C18 column with a retention time of ~21 min. Both
chromophore samples contained 0.1% trifluoro acetic acid and ~ acetonitrile at a pH of 1.0
following HPLC purification.

1H

and 13C-NMR Analyses of the Purified Chromophores from DADH-Y249F
The extracted and purified chromophores were analyzed using NMR to directly establish

the hydroxylation site on the (iso)alloxazine ring. Published NMR spectra of FAD were used to
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determine the peak assignment of the purified FAD samples and they were compared to control
samples of similarly treated commercially obtained FAD (Biological Magnetic Resonance Data
Bank). As expected, the (iso)alloxazine ring protons for the unmodified FAD at positions 6 and 9
were easily identified at 7.62 and 7.85 ppm, respectively and matched the published spectra.
The aromatic region of the purified modified-FAD sample from DADH-Y249F and synthesized 6-OH-FAD exhibit identical major resonances. The major difference between the modified and native FAD spectra is the lack of an aromatic proton resonance. The three resonances of
the modified sample correlate to the adenosine 2 and 8 protons and the remaining (iso)alloxazine
proton. (Figure 5.3) It is anticipated that adenine at the 2nd and 8th positions will not exhibit large
chemical shift perturbations due to the (iso)alloxazine hydroxyl modification; comparison of the
HSQC spectra of the synthesized 6-OH -FAD and FAD reveal that the adenine 2 and 8 protons are
indeed not impacted by the modification, indicating the 3rd aromatic resonance belongs to the
(iso)alloxazine proton. To further verify the remaining aromatic resonance as the (iso)alloxazine
proton, a TOCSY spectrum was used to identify coupling between the (iso)alloxazine proton and
the methyl group. Coupling was observed between the remaining aromatic peak at 6.75 ppm and
a methyl resonance at 2.42 ppm allowing for the unambiguous determination that the remaining
aromatic resonance is the remaining (iso)alloxazine proton. (Figure 5.4) Lastly, in order to determine the sample’s identity as 6-OH-FAD, the isoalloxazine methyl groups’ chemical shifts were
used to characterize the (iso)alloxazine hydroxylation pattern. Previous studies of (iso)alloxazine
ring system substitutions found that the methyl resonances at positions 7 and 8 are sensitive to
hydroxylation at positions 6 and 9 and exhibit different changes in chemical shifts as a result of
the hydroxyl additions. This trait can be used to characterize the hydroxylated (iso)alloxazine ring
system.7 The observed difference of 0.23 ppm between the two methyl groups is consistent with
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hydroxylation at the 6th position establishing the (iso)alloxazine substitution as a 6-OH modification (Figure 5.4).

Figure 5.3 1H NMR of bottom = FAD, middle = synthesized 6-OH-FAD, top = HPLC purified 6OH-FAD.
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Figure 5.4 A) HSQC spectra of aromatic regions of synthesized 6-OH (left) and FAD (right). B)
slices from TOCSY spectra showing coupling between position 9 of the (iso)alloxazine ring and
the adjacent methyl protons (left synthesized, right HPLC purified). C) HSQC spectrum of 6-OHFAD methyl protons. Separation between methyl protons is 0.24 ppm.

Mass Spectrometry of the Purified Chromophores from DADH-Y249F
Mass spectrometry analyses were carried out on the FAD and the modified FAD chromophores extracted from PaDADH-Y249F as well as the standard 6-OH-FAD in order to establish
the molecular weight of the modified FAD chromophore from PaDADH-Y249F. The m/z of FAD
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analyzed in the ESI negative mode was 784.2 (data not shown), which agrees well with the molecular weight of 785.5 Da for the FAD cofactor. Modified FAD and the standard 6-OH-FAD
analyzed in the same conditions had m/z of 800.1, which corresponds to a molecular weight of 801
Da (Figure 5.5). The difference in molecular weight between the FAD and the modified FAD
cofactor is 16 Da, which corresponds well with the addition of –OH functional group.

Figure 5.5 Negative ion ESI mass spectrum of the modified ﬂavin isolated from DADH-Y249F
enzyme. The peak at m/z 800.14 corresponds to the (M-H)1- ion expected for OH-FAD. Inset
shows an expansion of the (M-H)1- ion region (m/z 795-805) of the mass spectrum.
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Determination of Ionizable groups on Modified FAD from PaDADH-Y249F
pH titration of the extracted and purified hydroxylated FAD chromophore from PaDADHY249F was performed to establish the ionization state of the hydroxyl group from pH 6.0-8.0.
HPLC purified samples of modified FAD at pH 1.0 and 7.0 showed distinct spectral properties
and visible difference in colors suggesting that the hydroxyl group may ionize with a pKa ≤ 7
(Figure 5.2A). The pH titration (see Methods for details) showed evolution of absorbance in the
long wavelength region between 500-800 nm with a peak around 585 nm. This absorbance increased between pH 6.0 to 8.0 and remained constant at pH > 8. The plot of absorbance at 585 nm
as a function of pH indicates a pKa of 7.1 (Figure 5.6), consistent with that published previously
for the free 6-OH-FAD.9 pH titration of 6-OH-FAD bound to PaDADH was not possible, due to
the instability of the enzyme at pH ≤ 6. However, the spectrum of the enzyme fraction containing
6-OH-FAD alongside FAD at 6.5 still showed the presence of broad absorbance (data not shown)
in the long wavelength region suggesting the perturbation of the pKa to a lower value due to interaction with active site residues.
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Figure 5.6 pH titration of 6-OH-FAD extracted from DADH-Y249F. Selected UV-visible absorbance spectra of the 6-OH FAD starting at pH 6.0 raised to 8.0 with the addition of increments of
0.5M potassium hydroxide resulting in the evolution of broad peak at the 500-800 nm region. Inset
shows the plot of absorbance at 585 nm as a function of pH between 6-8 resulting in a pKa of 7.05
± 0.02 for the deprotonation of the hydroxyl group attached at the 6th position of the (iso)alloxazine
moiety. A mixed buffer sytem of 20 mM sodium phosphate and sodium pyrophosphate with
starting pH at 6.0 was used at 25 oC.

Biochemical Reactivity of Enzyme Bound 6-OH-FAD
Previous studies have shown that enzyme bound 6-OH-flavin is inactive with some exceptions.8, 9, 16-21, 23 Here, fraction of PaDADH-Y249F with FAD retained wild-type activity, which
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was further investigated in the study addressing the role of Y249 in substrate binding and amine
oxidation (Chapter 4). The reactivity of enzyme bound 6-OH-FAD in the current study was monitored by observing spectral changes in the long wavelength region between 580-800 nm that is
unique to 6-OH-FAD on reaction with either D-arginine (native substrate) or D-leucine (slower
substrate for catalysis). The fraction of PaDADH-Y249F with unmodified-FAD reacted instantly
with either D-arginine or D-leucine as measured by the change in absorbance spectra around 446
nm regions, while no such observable changes were apparent in the 500-800 nm regions for the
sample with 6-OH modified FAD (Figure 5.7). The absorbance in the long wavelength region was
fully quenched in about one hour using D-arginine as substrate, while using the catalytically poor
substrate, D-leucine, the absorbance of 6-OH-flavin in the long wavelength region did not change
even after three hours of incubation (Figure 5.7). These observations suggest that enzyme bound
FAD and 6-OH-FAD react at different time scales in PaDADH-Y249F irrespective of the substrate
used.
Computational Analyses
In addition to the biochemical characterization, we also generated an in silico model of
PaDADH-Y249F mutant in an effort to gain structural insights into this partial hydroxylation behavior (see Methods section for details). Figure 5.8 shows optimized models of the wild-type
PaDADH (Figure 5.8a) and the Y249F mutant (Figure 5.8b). These two models were used as
starting structures to generate models of hydroxylated flavin at the C6 position (Figures 5.8c and
5.8d, red arrow). Hence, the four optimized models of DADH were used to access DADH active
site and FAD reactivity, in an effort to gain insight into the differential hydroxylation behavior
observed experimentally.
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Figure 5.7 Biochemical reactivity of DADH-Y249F bound FAD and 6-OH-FAD. First panel
shows the spectrum of enzyme bound FAD and 6-OH-FAD fraction before the addition of substrate in black solid curve, dashed spectrum represents seven minutes after reaction of ~27 µM of
6-OH-FAD enzyme with 1 mM D-arginine, and dotted curve represents the spectrum after ~50
minutes of reaction with the substrate; the second panel shows the spectra of the reaction of enzyme bound FAD and 6-OH-FAD with a catalytically slower substrate, D-leucine. The black solid
curve represents the spectrum of the enzyme (~6.7 µM) before reaction with substrate while the
dashed curve represents the spectrum of the enzyme 3 hours after reaction with 13 mM D-leucine
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with 6-OH-FAD enzyme concentration at ~6.2 µM. The two reactions were carried out in 20 mM
Tris-HCl at pH 8.7 and 25 oC.

We used site-map to characterize and subsequently visualize any changes introduced to
DADH active site upon Y249 to phenylalanine mutation in addition to the hydroxylation of FAD
at C6 position, see Figure 5.9. While these small perturbations did not alter the active site significantly, Y249F mutation results in the loss of a hydrogen bond donor and changes the local cavity
near this residue (as expected). In the X-ray crystal structure, Y249 side chain forms a hydrogen
bond with the carboxyl group of imino-arginine product. If one assumes that the substrate binds
with a similar geometry, this could help orient the substrate in a reactive geometry. The hydroxylation of FAD at C6 position is effectively introducing a hydrogen bond donor and leads to the
formation of a hydrogen bond donor region directly above the reactive N5 nitrogen, while the
cavity about N5 region is characterized as having hydrogen bond donor character when FAD is
not modified.
Subsequently, hydration sites were characterized for wild-type and Y249F DADH variants
(in addition to the hydroxylated models) using WaterMap (see Methods section for details). Three
similar hydration sites were identified in all four models that, when occupied by waters, could
serve as the site of hydroxyl donor (Figure 5.10). In the wild-type DADH, hydration site # 1
(indicated using red arrow) has an overall energy of 5.4 kcal/mol, and this site is destabilized (by
about 4.2 kcal/mol) in the Y249F mutant to a final energy of 9.6 kcal/mol. This ground state destabilization could help explain the differential hydroxylation of FAD in Y249F mutant relative to
wild-type enzyme variant. Furthermore, the local electrophilicity index for N5 nitrogen decreased
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about 5 percent in Y249F DADH with 6-hydroyxl-flavin, while this electrophilicity index remained constant for Y249F variant relative to wild-type DADH.

R305

E246

R222
F249

Y249

(a)

(b)

Y249

(c)

(d)

F249

Figure 5.8 Illustration of DADH active sties of the optimized DADH models: (a) wild type, (b)
Y249F, (c) wild type – 6-OH-FAD, and (d) Y249F – 6-OH-FAD. The hydroxylated C6 sites are
pointed using red arrow. For simplicity only FAD (iso)alloxazine ring (cyan carbons), side chains
of some active site residues (222, 246, 249, and 305) are illustrated.
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(a)

(c)

Y249

Y249

(b)

F249

(d)

F249

Figure 5.9 Illustration of the characterized active site cavities of the optimized DADH models: (a)
wild type, (b) Y249F, (c) wild type – 6-OH-FAD, and (d) Y249F – 6-OH-FAD. The coloring
scheme is such that H-bond donor regions are colored blue, while H-bond acceptor regions are
colored red and hydrophobic regions are colored yellow.

5.5

Discussion
Several cases of flavoenzymes with naturally occurring modification to the flavin cofactors

have been reported in the past. The reported modifications are usually at the 6th and 8th positions
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of the (iso)alloxazine ring moiety and they include: 6 and 8 hydroxy flavins, and 8-amino riboflavins from a variety of prokaryotic and eukaryotic sources. 6-Hydroxy-flavins have in particular
been detected in diverse flavoenzymes and were reported to be inactive. First instance of 6-hydroxy-flavin detection was reported four decades ago and yet much is not known about the physiological significance or different factors contributing to the differential reactivity of this cofactor
compared to FAD. In the present study, we report the detection and characterization of 6-OH-FAD
in a mutant variant of PaDADH using UV-visible

0.1DG
-4.1DH
4.2-TDS

(a)

(b)

9.6DG
5.9DH
3.7-TDS

5.4DG
1.4DH
4.0-TDS
-1.9DG
-6.1DH
4.2-TDS

(c)

5.8DG
2.7DH
3.1-TDS

-0.7DG
-4.7DH
4.0-TDS

(d)

-1.3DG
-6.3DH
5.0-TDS

6.7DG
3.5DH
3.4-TDS

Figure 5.10 Thermodynamics of key hydration sites around C6 carbon for DADH variants: (a)
wild type, (b) Y249F, (c) wild type – 6OH-FAD, and (d) Y249F – FAD-6OH. Hydration sites
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are colored ranging from green (favorable) to red (unfavorable), which are computed which are
computed relative to bulk solvent.

absorbance spectroscopy, 1H and 13C NMR, and mass spectrometry. Additionally, we used computational models to gain a structure-based understanding of the various factors responsible for the
altered reactivity of native-FAD and 6-OH-FAD cofactors within PaDADH active site.
PaDADH-Y249 was mutated to phenylalanine to probe the role of Y249 in substrate binding. Purified PaDADH-Y249F mutant enzyme showed two major fractions following DEAE-sepharose fractionation, which differed in color and corresponding spectroscopic properties. The
green fraction of PaDADH-Y249F enzyme, bound longer on the positively charged DEAE resin
compared to the yellow enzyme, suggesting that the overall charge of the green enzyme as being
more negative than the yellow enzyme. Figure 5.1 shows that the yellow fraction has absorbance
spectrum characteristic of wild-type PaDADH, which has unmodified FAD as its cofactor.14 The
major difference between the yellow and green enzyme fractions of the mutant enzyme is the broad
absorbance in the 580 to 800 nm region for the green fraction. Flavin cofactors are known to exist
in yellow, orange or blue colors owing to their redox state in the active site of an enzyme and are
also frequently involved in charge transfer transitions causing for transient increase in absorbance
in the long wavelength regions without affecting the peaks in the 300 to 450 region.6 However,
for the green fraction, the absorbance in the long wavelength region is stable and the observed
spectroscopic properties are unusual for the species to be any of the known redox states of flavins.
Literature survey indicated that addition of functional groups like –OH, -SH or N3 at certain (6th
and/or 9th) sites on the (iso)alloxazine ring of flavin could result in the observed green coloration
in DADH-Y249F fraction along with the observed stable long wavelength absorption with low
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extinction coefficients.2-8,

41

Of these, hydroxylation at the 6th position of the (iso)alloxazine

(Scheme 5.2) has been reported to occur naturally in some enzymes (Table 5.1).
1

H and 13C NMR analyses of FAD and modified FAD extracted from PaDADH-Y249F,

and synthesized native-FAD and 6-OH-FAD are consistent with modification of (iso)alloxazine
ring by –OH functional group at the 6th position in the modified FAD, extracted from PaDADHY249F (Figure 5.3). In addition, HSQC and TOCSY spectra allowed for the identification of the
(iso)alloxazine 9th position (6.75 and 103 ppm, 1H and 13C respectively) and differentiation of the
7 and 8 methyl positions (Figure 5.4) (2.41 and 2.18 ppm, respectively). The chemical shifts for
the proton at the 9th position of the (iso)alloxazine ring of 6-OH-FAD has not been previously
described and can be used as an alternative means for identification of the 6-OH modified FAD.
Through NMR, we could determine that the modification was at the 6th and not the 9th position of
the (iso)alloxazine ring in PaDADH-Y249F enzyme. Molecular weight determination through
mass-spectrometry of the extracted modified FAD from PaDADH-Y249F agrees well with NMR
analyses. An increase in molecular weight of 16 Da of the modified cofactor (Figure 5.5) suggests
the addition of a hydroxyl group, but not a thiol or a N3 functional group, which would result in a
molecular weight increase of 32 and 42 respectively. Further evidence in favor of 6-OH-FAD as
the modified cofactor in PaDADH-Y249F comes from pH titration of the enzyme free cofactor. A
pKa of 7.1 (Figure 5.6) was measured for the ionization of the hydroxyl group (Scheme 5.2), in
good agreement with the published pKa for free 6-OH-FAD. Also important to note is that the pKa
for –SH group at the 6th position is reported to be 5.94 which is much lower than observed value
for the modified cofactor from PaDADH-Y249F enzyme.

111

The fraction of PaDADH-Y249F enzyme with 6-OH-FAD as cofactor was enzymatically
less active compared to FAD bound enzyme fraction. Results from Figure 5.7 suggest that irrespective of the substrate, the reactivity of the two enzyme bound cofactors is on a completely
different time-scale. This observation is in agreement with previous studies, where the 6-OH-FAD
bound enzyme fractions were reported to be enzymatically slow in most cases (Table 5.1). Redox
potential of free 6-OH-FAD is 57 mV more negative compared to FAD8 making 6-OH-FAD a
poorer catalyst in comparison. However, it is yet to be demonstrated as to how the reactivity of 6OH-FAD is affected in the context of an enzyme active site.
Structural analysis of PaDADH wild-type and in-silico Y249F mutant offered more insight
regarding the different reactivity profiles observed for PaDADH-Y249F in complex with 6-OHFAD and native-FAD. Hydroxylated FAD shows lowered reactivity compared with native FAD
since the reactive N5 nitrogen is inaccessible to the substrate (see Figure 5.11). Here, the N5 of 6OH-FAD can engage in an internal hydrogen bond with the OH group at the 6th position. Furthermore, hydroxylation of FAD at the 6th position changes the local environment around the N5 nitrogen: while this region indicates H bond-donating character in the wild-type and Y249F PaDADH (Figure 5.9a, b) this changes to predominantly H bond-accepting in Y249F enzyme with
6-OH-FAD (Figure 5.9d). In addition, hydroxylation of FAD at the 6th position renders the reactive N5 less accessible. Moreover, the local electrophilicity of N5 nitrogen in Y249F enzyme with
6-OH-FAD is slightly decreased making it less readily susceptible to nucleophilic attack by the
substrate than the N5 of FAD bound enzyme. The factors highlighted from the computational
analyses on PaDADH in combination with the differential redox potential of 6-OH-FAD cofactor
may account for the lowered reactivity of most enzymes containing 6-OH-FAD. Characterization
of hydration sites in the PaDADH-wild type and Y249F mutant suggested that the C6 site of FAD
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may be more readily available for attack by a reactive water molecule thereby making it more
likely for hydroxylation at this site in the mutant than in the wild-type.

(a)

(b)

Figure 5.11 Van der Waals sphere representation of (a) unmodified flavin and (b) C6-hydroxylated flavin.

5.6

Conclusion
In conclusion, Y249F mutant of PaDADH results in two distinct enzyme populations, one in

which cofactor FAD remains unmodified and the other population has 6-OH-FAD. We established
this by biochemical characterization using UV-visible absorbance spectroscopy, NMR, mass spectrometry and pH titrations. By the use of 1H and 13C-NMR, a simple and easy approach of discriminating between 6- and 9-OH-flavin has originated through the course of this research. Furthermore, computational approaches for the first time allowed a molecular-level analysis of the hydroxylation of the flavin cofactor using PaDADH as the model enzyme. The poor reactivity of 6OH-FAD bound PaDADH-Y249F as reported from biochemical studies is readily accommodated
by observations from computational studies of the buried nature of N5 of 6-OH-FAD, its involve-
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ment in an internal hydrogen bond with the hydroxyl group at C6 which may influence the substrate to bind in an unreactive mode and also decreased electrophilicity of N5 of the 6-OH-FAD
relative to FAD. Taken together, we provide biochemical and structural characterization of green
flavin detected in the mutant variant of PaDADH. The findings from this study as well as from
previous reports raise the important questions on the commonality of this modification in nature,
source of oxygen atom in the hydroxylation process, and biological significance if any. Future
studies will be aimed at understanding the source of oxygen atom in the 6-hydroxy-flavin and the
mechanism of hydroxylation which we hope will offer clues on the susceptibility of the flavin
cofactor to such modifications and any effects such modifications may impose.
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6

RELATIVE TIMING OF HYDROGEN AND PROTON TRANSFERS IN THE REACTION OF FLAVIN OXIDATION CATALYZED BY CHOLINE OXIDASE

(This chapter has been published verbatim as, Gannavaram, S., and Gadda,G., Biochemistry 52(7):
1221-1226)

6.1

Abstract
The oxidation of the reduced flavin in choline oxidase was investigated with pH, solvent

viscosity and KIEs in steady-state kinetics, and time-resolved absorbance spectroscopy of the oxidative half-reaction in a stopped-flow spectrophotometer. Both the effects of isotopic substitution
on the KIEs and the multiple KIEs suggest a mechanism for flavin oxidation in which the H atom
from the reduced flavin and a H+ from the solvent or a solvent exchangeable site are transferred in
the same kinetic step. Stopped-flow kinetic data demonstrate flavin oxidation without stabilization
of flavin-derived species. Solvent viscosity effects establish an isomerization of the reduced enzyme. A mechanism for flavin oxidation that satisfies the kinetic results is proposed.

6.2

Introduction
Flavin-dependent oxidases and monooxygenases react rapidly with dioxygen (O2), with

second-order rate constants of 104 -106 M-1s-1 (1, 2). The former yield H2O2, while the latter H2O
and a hydroxylated organic product (1, 2). Due to the diradical nature of the stable form of O2 in
the atmosphere, the direct transfer of an electron pair from the reduced flavin to O2 is spin forbidden and cannot occur (3-5). Hence, O2 reduction proceeds through two single electron transfers
that generate a highly reactive flavosemiquinone/O2-・radical pair (Scheme 6.1, step a) (1-8). A
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reaction intermediate with spectroscopic features similar to a flavosemiquinone was recently reported in the oxidative half-reaction of glycolate oxidase carried out in D2O (9). Reduction of O2 in
monooxygenases typically reveals detectable C4a-hydroperoxy and -peroxy flavin intermediates
in rapid kinetic studies (Scheme 6.1: routes a-b-g and a-d-h, respectively) (1, 10, 11). With the
exception of pyranose 2-oxidase (12, 13) and a mutant form of NADH oxidase (14), those intermediates are not typically observed in oxidases, where rapid kinetics show monophasic oxidations
of the reduced flavin (1, 2). Studies on glucose oxidase using 18O KIEs, enzyme reconstituted with
flavin analogs, and temperature effects, support the notion that O2 reduction occurs without formation of flavin intermediates (Scheme 6.1: route a-c) (15). Mutagenesis demonstrated that a
positively charged histidine in glucose oxidase, H516, is the main site for O2 activation through
electrostatic catalysis (4, 16).
Irrespective of the mechanism, flavin oxidation by flavoprotein oxidases requires the transfer
of one electron, a hydrogen (H) from the reduced flavin N5 atom (Scheme 6.1, red steps) and a
proton (H+) from either the solvent or a solvent exchangeable site in the active site of the enzyme
(Scheme 6.1, blue steps) (1). Studies on pyranose 2-oxidase using rapid kinetics, substrate and
solvent KIEs have shown that the transfer of the flavin-bound H, which originates from the αcarbon of the substrate and is transferred as a hydride ion (H-) to the flavin N5 atom during substrate oxidation, is rate-determining for flavin oxidation (12). Flavin reduction in choline oxidase
also occurs through the transfer of a H- from the α-carbon of the substrate, but the flavin is oxidized
with the organic product of the reaction still present in the active site, as seen in Scheme 6.2.
Indeed, it is the positive charge harbored on the reaction product that activates O2 for reaction with
the flavin rather than a protein charge as in the case of glucose oxidase (17, 18). If the wash out of
the H from the N5 atom of the reduced flavin is hampered in the presence of the reaction product,
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the opportunity exists to use substrate deuterium KIEs to report on the H transfer from the reduced
flavin in O2 reduction. Solvent deuterium KIEs, instead, will directly report on the H+ transfer
involving a solvent (exchangeable) site.
In this study, we have used pH, solvent and KIEs, along with time-resolved absorbance spectroscopy of the oxidative half-reaction, to investigate the relative timing of H and H+ transfers in
the flavin oxidation reaction catalyzed by choline oxidase.

Scheme 6.1 Possible routes for flavin oxidation in flavoproteins.
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Scheme 6.2 Reductive and oxidative half-reactions by choline oxidase with 1,2-[2H4]-choline as
substrate; note that the timing for the cleavages of the various bonds is not addressed here.

6.3

Experimental Procedures

Materials
Choline chloride was bought from ICN. 1,2-[2H4]-Choline bromide (98%) and sodium
deuteroxide were purchased from Isostec Inc. (Miamisburg, OH). Deuterium oxide (99.9%) and
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deuterium chloride (99.5%) were obtained from Cambridge Isotope Co. (Andover, MA). Glycerol
was from EMD. Recombinant choline oxidase from Arthrobacter globiformis strain ATCC 8010
was expressed from plasmid pET/codA1 and purified to homogeneity based on a previous protocol
(19). Completely oxidized enzyme was produced using a protocol described previously (20). The
kinetic parameters reported in the current study have been normalized for flavin content per active
site.

Kinetic Assays
The enzymatic activity was determined by measuring the rate of oxygen consumption polarographically using a computer-interfaced oxygen electrode from Hansatech. Determination of
the steady-state kinetic parameters was carried out using the method of initial rates with concentrations of choline or 1,2-[2H4]-choline fixed at 25 mM and oxygen within a range of 0.04 to 1.0
mM. As a starting step, the reaction mixture was equilibrated by bubbling in O2/N2 gas mixture
for approximately 15 min at the desired concentration. Enzymatic assays were initiated with the
addition of 5 µL of choline oxidase at a final concentration of 0.12 µM to a final reaction volume
of 1000 µL. Enzymatic assays were performed using sodium pyrophosphate or sodium phosphate
in either H2O or 99.9% D2O at pL 8.0, 9.0 and 7.0, respectively. For buffers containing D2O, the
pD values were adjusted by adding 0.4 to the pH value (21).
Solvent viscosity studies were carried out at pH 7.0, 8.0 and 9.0 using the procedure described above with glycerol as viscosigen. Based on relative viscosities at 20 oC available from
Lide (22), the values at 25 oC were calculated.
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Time-resolved absorbance spectroscopy in the double mixing mode was performed using
an SF-61DX2 Hi-Tech KinetAsyst high performance stopped-flow spectrophotometer, thermostatted at 25 oC, and equipped with a photo diode-array detector. Choline oxidase was prepared
fresh by gel filtration against 50 mM sodium phosphate, pD 7.0. The enzyme concentration before
mixing it with the substrate was 94 µM. 1,2-[2H4]-choline (130 µM) was prepared in 50 mM sodium phosphate, pD 7.0. The stopped-flow spectrophotometer was set up with glucose/glucose
oxidase scrubbing system at pH 6.0 the day before and left over night. The buffer and substrate
solutions contained in glass syringes were flushed with argon for approximately an hour before
mounting on the stopped-flow spectrophotometer. The enzyme contained in a glass tonometer was
subjected to 25 cycles of degassing by alternately flushing it with argon and applying vacuum. To
ensure complete removal of traces of oxygen, glucose (2 mM) and glucose oxidase (0.5 µM) were
present in the anaerobic enzyme, buffer and substrate solutions. Separately, glass syringes containing sodium phosphate buffer were saturated with 800, 540, 250, 140, 40 µM O2 before mounting them onto the stopped-flow instrument. The aerobic syringes did not contain glucose/glucose
oxidase. The first mixing in the stopped-flow spectrophotometer was between anaerobic enzyme
and anaerobic substrate, thereby producing reduced enzyme; this sample was allowed to age in the
instrument until complete reduction of the enzyme-bound flavin before being mixed with aerobic
buffer at various concentrations of oxygen. Acquisition of the time-resolved absorbance spectra
began 2.2 ms after the second mixing event.

Data Analysis
Data were fit using KaleidaGraph software (Synergy Software, Reading, PA). The steadystate kinetic parameters at a fixed (25 mM or 50 mM) choline or 1,2-[2H4]-choline and varying
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concentrations of O2 were calculated using the Michaelis Menten equation. Solvent viscosity effects on kcat/Kox (as a function of the concentration of O2 as substrate) (Figure 1B) were fit to eq 1,
in which (k)o and (k)η are the kinetic parameters in the absence and presence of glycerol as viscosigen, S is the degree of dependence on viscosity, and ηrel represents the relative viscosity.
Individual traces at 456 nm for each oxygen concentration (Figure 2B) were fit to eq 2
using the KinetAsyst 3 software (TgK-Scientific, Bradford-on-Avon, UK), where A is the value of
absorbance at the selected wavelength, B is the amplitude of the change in absorbance, C is absorbance at infinite time and λ is the observed first-order rate constant for flavin oxidation. The
time-resolved absorbance spectra were analyzed with the global-fitting analysis software
SPECFIT/32, with the best fit of the data obtained to an A→B kinetic model.
ko
 Srel  1  1
k

(1)

A  Bet  C

(2)




6.4

Results and Discussion

Kinetics to determine flavin oxidation in choline oxidase-wild type
To probe flavin oxidation during turnover of the enzyme we used the

app

(kcat/Kox) value

determined at fixed, saturating concentration of choline. Enzyme saturation with choline was experimentally demonstrated upon comparing the app(kcat/Kox) determined at pH 7.0 at two fixed concentrations of substrate. With 25 and 50 mM choline the

app

(kcat/Kox) was essentially the same

(120,000 ± 5000 and 119,000 ± 4000 M-1s-1, respectively). Similar results were obtained with 1,2[2H4]-choline (87,000 ± 4000 and 87,000 ± 5000 M-1s-1, respectively). These results agree well
with published Km values for choline (1.6 mM) and 1,2-[2H4]-choline (2.5 mM) at pH 7.0, indicat-
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ing that the enzyme is ≥90% saturated with 25 mM substrate (23). Since previous kinetic investigations demonstrated a decrease in Km with increasing pH (23),

it is concluded that the

true kcat/Kox value, which is required to draw mechanistic conclusions, is approximated well at pH
≥7.0 by the app(kcat/Kox) determined at 25 mM substrate.

Solvent Effects
Previous studies showed that the kcat/Kox with choline or 1,2-[2H4]-choline as substrate for
choline oxidase is independent of pH between 6.0 and 10.0 (20, 24). In principle, substitution of
H2O with D2O might yield solvent effects on kcat/Kox due to changes in the isotopic composition
of solvent exchangeable sites participating in the reaction (i.e., isotope effects), increases in the
relative viscosity of the solution (i.e., viscosity effects), perturbations of observed pKa values (i.e.,
pH effects), or a combination of these effects (25-27). Mechanistic interpretation of solvent kinetic
isotope effects requires to rule out pH effects and to dissect the contribution of relative viscosity
to the measured effect. As illustrated in Figure 1A, the kcat/Kox with choline determined in D2O
was the same between pD 7.0 and 9.0, establishing lack of pD effects. The normalized kcat/Kox at
various concentrations of glycerol as viscosigen increased with inverse hyperbolic pattern with
increasing relative viscosity of the solvent (Figure 1B). While this pattern is consistent with an
isomerization of the reduced enzyme in the oxidative half-reaction (28), it also establishes that
solvent KIEs are not inflated due to increased solvent viscosity of D2O; indeed, they are slightly
deflated. At 9% glycerol (22), with a relative viscosity equivalent to that of D2O (η = 1.25) (25), the
inverse viscosity effect was ≤8% between pH 7.0 and 9.0. With these controls, solvent deuterium
KIEs on kcat/Kox could be used to report on H+ transfers involving solvent (exchangeable) sites,
since there are no pH/D effects and negligible, inverse viscosity effects.
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Figure 6.1 pD and viscosity contributions to solvent effects on kcat/Kox. Panel A: log of kcat/Kox for
choline in D2O as a function of pD; Panel B: normalized kcat/Kox for choline at varying concentrations of glycerol as viscosigen (0, 9, 18, 36 and 48%) as a function of relative viscosity at pH 8.0,
with 25 mM choline and varying concentrations of O2 from 0.04 to 1 mM.

Substrate Kinetic Isotope Effects
When choline is substituted with 1,2-[2H4]-choline as substrate for choline oxidase, the
enzyme-bound flavin acquires a D rather than H on the N5 atom (Scheme 6.2) (24). A normal
substrate deuterium KIE is expected on kcat/Kox in aqueous buffered solutions if the reaction of the
reduced flavin with O2 occurs prior to the potential wash out of the D from the reduced flavin N5
atom to the solvent. Alternatively, both the D(kcat/Kox)H2O and D(kcat/Kox)D2O should be equal to 1 if
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the N5-D atom of the reduced flavin is rapidly exchanged with the solvent. As illustrated in Table
6.1, significant substrate deuterium KIEs were determined in aqueous and deuterated buffered solutions at pL 7.0 and 8.0, consistent with negligible wash out of the N5-H or -D from the reduced
flavin during enzyme turnover. Thus, substrate KIEs could be used to report on the H transfer from
the reduced flavin in O2 reduction.

Table 6.1 Deuterium kinetic isotope effects on the second-order rate constant for flavin oxidation during steady-state turnover of choline oxidase.
KIE
pL 7.0a
pL 8.0b
D
(kcat/Kox)H2O
1.4 ± 0.1 1.6 ± 0.1
D
(kcat/Kox)D2O
1.7 ± 0.1 2.1 ± 0.1
D2O
(kcat/Kox)H
1.2 ± 0.1 1.09 ± 0.05
D2O
(kcat/Kox)D
1.5 ± 0.1 1.4 ± 0.1
D,D2O
(kcat/Kox)
2.1 ± 0.4 2.2 ± 0.1
D
D2O
(kcat/Kox)H2O x
(kcat/Kox)H 1.7 ± 0.2 1.7 ± 0.1
Experimental conditions: 50 mM asodium phosphate
or bsodium pyrophosphate in H2O or D2O, 25 oC at 25
mM of either choline (H) or 1,2-[2H4]-choline (D) and
varying concentrations of O2 from 40 to 1000 µM.

Multiple Kinetic Isotope Effects
With the enzyme in turnover at pL 7.0 or 8.0, the

D2O

(kcat/Kox)H values were only slightly

>1 (Table 6.1). However, they increased when 1,2-[2H4]-choline was used as substrate instead of
choline (D2O(kcat/Kox)D >

D2O

(kcat/Kox)H in Table 6.1), indicating that although small, the solvent

KIE was significant. This is consistent with the transfer of the H+ originating from the solvent, or
a solvent exchangeable site, being manifested in the transition state for flavin oxidation catalyzed
by the enzyme. At both pL values, the D(kcat/Kox)H2O values were significantly >1 (Table 6.1), and

129

they increased further upon substituting H2O with D2O (D(kcat/Kox)D2O > D(kcat/Kox)H2O in Table
6.1). These data are consistent with transfer of the H from the flavin N5 atom also being manifested
in the transition state for flavin oxidation. Multiple deuterium KIEs were consequently determined
at pL 7.0 or 8.0 to elucidate whether the H and H+ transfer reactions occurred in the same or in
different kinetic steps. The

D,D2O

(kcat/Kox), which represents the effect of substituting choline in

H2O with 1,2-[2H4]-choline in D2O, was slightly larger than the product of the individual substrate
and solvent KIEs (D,D2O(kcat/Kox) > D(kcat/Kox)H2O x D2O(kcat/Kox)H in Table 6.1). These data rule out
H and H+ transfers occurring on separate kinetic steps, for which multiple KIEs would be smaller
than the product of the individual KIEs, and either substrate or solvent KIEs would have lower
values when H2O is substituted with D2O or choline is substituted with 1,2-[2H4]-choline, respectively (29, 30). Thus, a mechanism in which a C4a-hydroperoxy flavin is an intermediate in the
oxidative pathway of reaction (Scheme 6.1: route a-b-e), i.e., for which H and H+ transfers would
occur on separate kinetic steps, is ruled out.
Both the effects of isotopic substitution on the KIEs and the multiple KIEs are consistent
with the H and H+ transfers from the flavin and the solvent (or a solvent exchangeable site) to
O2 occurring in the same kinetic step, in a synchronous (31) fashion. Furthermore, the enhancement
of the measured individual KIE in the presence of the second isotopic substitution and of the multiple KIE with respect to the product of the individual KIEs are consistent with one step slowing
down due to the effect of the isotopic substitution of the atom participating in the other bond cleavage, thereby making the isotope sensitive kinetic step of O2 reduction more limiting in the oxidative half-reaction (29). Mechanisms for flavin oxidation that bypass formation of a C4a-hydroperoxy flavin (Scheme 6.1: route a-c) or go through an anionic C4a-peroxy flavin intermediate
(Scheme 6.1: route a-d-f), i.e., in which H and H+ transfers occur in the same kinetic step, are
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thus consistent with the observed KIEs on the kcat/Kox values. In this regard, stabilization of an
anionic C4a-peroxy flavin during oxidation of the flavin hydroquinone has been previously reported in cyclohexanone monooxygenase (11) and the oxygenase component of p-hydroxyphenylacetate 3-hydroxylase (32), where the enzyme-bound flavin species have pKas of 8.4 and
>10.0, respectively (11, 32). However, if an anionic C4a-peroxy flavin transiently forms in choline
oxidase its pKa would need to be significantly <6, since no ionizable groups are seen in the pH
profile of kcat/Kox with choline (20).

Time-resolved absorbance spectroscopy of flavin oxidation
If an anionic C4a-peroxy flavin were an obligatory intermediate during the oxidation of the
hydroquinone in choline oxidase (Scheme 6.1, route a-d-f), it would transiently accumulate during the oxidation of the reduced flavin, allowing for its spectrophotometric detection. Stabilization
of a C4a-(hydro)peroxy flavin has been recently reported in pyranose 2-oxidase (12). In order to
establish whether an anionic C4a-peroxy flavin is a reaction intermediate in the oxidative pathway,
choline oxidase was mixed with a 1.4 molar excess of 1,2-[2H4]-choline in a double-mixing
stopped-flow spectrophotometer equipped with photodiode array detection, allowed to age until
complete flavin reduction was achieved and then mixed with various concentrations of O2 in deuterated buffered solution at pL 7.0 and 25 oC. Deuterated solvent and substrate, rather than choline
and H2O, were used in order to allow for a higher accumulation of the potential flavin intermediate
in the oxidative half-reaction. Under these conditions, the oxidation of the enzyme-bound flavin
proceeded without formation of any intermediate (Figure 2A-B). In agreement with the lack of
observable intermediates, a global fitting analyses of the time-resolved absorbance spectra yielded
best results with an A->B kinetic model (Figure 6.2A, inset). These results are not consistent with
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the chemical mechanism in which an anionic C4a-peroxyflavin is a reaction intermediate (Scheme
6.1, route a-d-f). Recent kinetic and computational studies on the oxidation of aryl-alcohol oxidase showed lack of intermediates with the spectral properties of a C4a-intermediate, consistent
with formation of such a species not being seen in that enzyme (33).

Figure 6.2 Time-resolved absorbance spectroscopy of the oxidation of reduced choline oxidase
with O2. Anaerobic enzyme was pre-mixed with anaerobic 1,2-[2H4]-choline (1.4 molar excess),
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allowed to age until complete flavin reduction was achieved, and mixed with varying concentrations of O2 in a double mixing stopped-flow spectrophotometer equipped with PDA detection.
Conditions: enzyme (24 μM after double mixing) in 50 mM sodium phosphate, pD 7.0 and 25 oC.
All indicated times are after the end of flow, i.e., 2.2 ms. Panel A: selected time-resolved absorbance spectra upon mixing reduced enzyme with 0.4 mM O2; inset: multivariate analysis of the
time-resolved spectra to an A→B kinetic model using SPECFIT/32, where Ered and Eox are the
reduced and oxidized enzymes, respectively. Panel B: traces at 456 nm at varying [O 2]. Panel C:
plot of the observed λ values as a function of [O2], which were fit to a linear function yielding y =
0.014x + 0.4 (R2=0.996).

The steady-state KIEs showed that the decay of the flavosemiquinone/O2-・radical pair is
at least partially rate limiting in the oxidative half-reaction. This suggests that a neutral flavosemiquinone intermediate should be observed when the reduced enzyme is reacted with O2 (Scheme
6.1: route a-c). However, this is not the case (Figure 6.2). This apparent discrepancy can be explained with the effect of increasing solvent viscosity on the normalized kcat/Kox values (Figure
6.1B). Indeed, the inverse hyperbolic pattern to a limiting value of the normalized kcat/Kox with
increasing glycerol concentration demonstrates that the solvent effect does not originate from diffusion of O2 to the reactive site, for which linear dependencies with slopes between 0 and +1 are
expected, but rather with a slow isomerization of the reduced enzyme (34). A slow isomerization
of the reduced enzyme would mask subsequent kinetic events, i.e., formation and decay of the
flavosemiquinone/O2-・ radical pair, resulting in lack of detection of the flavosemiquinone and decreased values for the KIEs.
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In conclusion, pH, solvent viscosity and KIEs, as well as time-resolved absorbance spectroscopy of the oxidative half-reaction, have been used in this study to elucidate the relative timing
of H and H+ transfers in the reaction of flavin oxidation catalyzed by choline oxidase. The results
rule out a mechanism in which a C4a-hydroperoxy flavin forms in the oxidative pathway, for which
H and H+ transfers are not synchronous, while time-resolved absorbance spectroscopy showed the
lack of detection of an anionic C4a-peroxy flavin. In contrast, the results of the mechanistic investigation are consistent with a mechanism for O2 reduction to H2O2 in which the H from the reduced
flavin N5 atom and a H+ from either the solvent or a solvent exchangeable site in the active site of
the enzyme are transferred in the same kinetic step without any flavin-derived transient intermediates (route a-c in Scheme 6.1). This study represents the first instance in which the synchronous
timing of H and H+ transfers in the oxidation of a flavin was established in a flavoprotein oxidase.
It complements previous studies on choline oxidase and other oxidases in which the mechanism
for O2 activation was probed with mechanistic tools (4, 16, 17, 35-38). This study provides also a
framework for future studies on choline oxidase that will be aimed at the elucidation of the contribution of active site residues towards reduction of O2.
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7

GENERAL DISCUSSION AND CONCLUSIONS

In general enzyme catalyzed biochemical reactions are a result of high specificity of an enzyme for a given substrate. This unique quality of enzymes sets apart biochemical reactions from
regular chemical reactions which are usually prone to side reactions. Active-site residue(s) play
important roles in affording such selectivity to enzymes. One aspect in this dissertation has dealt
with dissecting the contribution of charges in substrate selectivity and specificity using FAD dependent PaDADH as a model. Efforts have also been made to understand the catalytic mechanism
outlining substrate (amino acid) oxidation in PaDADH. Hydroxylation of FAD cofactor has been
reported in a few flavin-dependent enzymes. However a consensus has not been reached in terms
of the factors contributing to its formation and its relevance henceforth. Using a mutant variant of
PaDADH, this dissertation attempts to contribute toward understanding a different aspect of flavin-dependent enzymes i.e. susceptibility of flavins to modifications (hydroxylation in particular)
in enzyme active-sites thereby altering their reactivity. Another aspect of flavoenzyme chemistry
that receives considerable attention is their reactivity with molecular oxygen; one part of this dissertation addresses the reactivity of reduced FAD with molecular oxygen using choline oxidase, a
representative member of the Glucose-Methanol-Choline Superfamily.
As more structural and mechanistic data are becoming available for PaDADH, we can better
understand the roles of different active-site residues in the context of the reaction catalyzed by
PaDADH.1-3 In chapter 3, one aspect of the reaction catalyzed by PaDADH that we expanded upon
is the reactivity with cationic and zwitterionic D-amino acids. Previous structural studies on the
enzyme suggested Glu87 to be an important residue in substrate binding.3 Based on the pH effects
on kcat and kcat/Km for cationic D-Arg and D-Lys and zwitterionic D-Met and D-Leu, a group with
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an apparent pKa ≥ 7.9 is seen in the binding of only the cationic substrates. Glu87 has emerged as
the candidate that provides the point charge stabilization for tight binding, yielding kcat/Km values
of ≥105 M-1s-1 observed for D-Arg and D-Lys3 over other D-amino acids in PaDADH. A group with
a true pKa of ~9.5 exemplifies general base catalysis with any of the four substrates tested; His48
or Tyr53 have emerged as likely candidates proposed to act as active site base by virtue of their
placement in active site. D-Leu emerged as a non-sticky substrate for catalysis from lack of pH
dependence of the substrate KIE generally accepted as lacking any external commitments (stickiness in other words) while D-Arg and D-Lys turned out to be sticky with a pKa that is < 9.5 in either
kcat or kcat/Km. This study offered an understanding of the broad substrate specificity manifested by
PaDADH at the level of active-site interactions. Notwithstanding, framework has been laid for
unfolding the catalytic contribution of His48, Tyr53, Glu87 and Tyr249 lining the active site of
PaDADH using site-directed mutagenesis in combination with other mechanistic probes.
Chapter 4 expounds the roles of Tyr53 and Tyr249 using site-directed mutagenesis as the
mainstay in combination with several mechanistic and computational approaches to disclose their
contribution in enzyme function and catalysis. Changes in pH of the buffer has no effect on the
pKa values of the groups involved in binding of the substrate (Kd) and chemical step (kred) for
Tyr53Phe and Tyr249Phe enzymes and hence neither is the proposed base to initiate catalysis for
D-amino acid dehydrogenation by PaDADH. Deuterium isotope effects in combination with rapid-

kinetics using a stopped-flow spectrophotometer that shed light on the isotope-sensitive NH and
CH bonds were found to be rate determining for catalysis in the mutants as reported for the wildtype enzyme.1 The timing of the NH and CH bond cleavages however underwent a small yet significant change from concerted asynchronous in wild-type1 to concerted synchronous in the mutants as judged from the observations made using multiple deuterium kinetic isotope effects in this
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study. Furthermore, time resolved absorbance spectroscopy showed no accumulation of any flavin-derived intermediates in the course of flavin reduction by the substrate (D-Leu) at 25 oC. Relative electrophilicity of the N5 and C4a sites of the flavin were determined using QM/MM methodologies and N5 atom emerged as the site where catalysis occurs on flavin due to lower electrophilicity in wild-type as well as in silico Tyr-249Phe and Tyr-53Phe mutants of PaDADH. Taken
together, these results suggest that mutations of Tyr53 and Tyr249 to Phe do not affect the substrate
binding cavity compared to the wild-type; N5 atom being the most electrophilic site and due to
lack of any detectable flavin-based intermediates, the transfer of α-hydrogen has been proposed to
take place as a hydride ion from the substrate (D-Leu) to N5 atom of flavin in PaDADH. The
contributions made by this study are significant in the wake of lack of full understanding of amino
acid dehydrogenation by flavoproteins.4, 5
Chapter 5 focuses on the detection, isolation and characterization of novel 6-hydroxy-flavin6
from Tyr249Phe mutation of PaDADH. The 6-hydroxylation of flavin is only partial and not in
stoichiometric amounts. The chromophores were separated through reversed-phase HPLC and
characterized using UV-visible spectroscopy, 1H and 13C NMR and mass spectrometry. Computational approaches such as QM/MM methodologies were sought to gain deeper understanding of
the 6-OH-FAD formation within the context of PaDADH active site.
Choline oxidase catalyzes the oxygen-dependent conversion of choline to glycine betaine
with a betaine aldehyde intermediate.7 The overall reaction involves the transfer of four e- with
2e- each from choline to FAD to produce betaine aldehyde and betaine aldehyde to FAD to produce glycine betaine.7-9 O2 acts as the terminal electron acceptor from reduced FAD to regenerate
it for further reaction and resulting in the production of H2O2. Flavin-dependent enzymes display
a wide spectrum of reactivity toward O2.10 While two classes of enzymes namely monooxygenases
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and oxidases are characterized by rapid reaction rates with molecular O2, others like dehdydrogenases are known for their sluggish reactivity.10-14 While monooxygenases involve the formation of
obligatory flavin-O2 dependent intermediates (C4a-(hydro)peroxy intermediate),10, 12 it is attractive to extend the reaction mechanism to oxidases as well. However, to date, only pyranose-2 oxidase and a mutant of NADH oxidase from this class of enzymes have shown experimental evidence to involve a C4a-(hydro)peroxy intermediate in the course of reaction with O2.15-17 Choline
oxidase is a very well characterized member of the glucose-methanol-choline oxidoreductase family.7-9, 18-27 Previous studies on the enzyme relevant to oxygen reactivity showed that the positive
charge that is required for stabilization of radicals and reactive oxygen species generated during
the reaction of reduced flavin with O2 is provided by the ligand and not an active site residue as
has been initially proposed.9, 11, 23 Furthermore Val464 offers the hydrophobic patch required for
oxygen to position and react at the C4a site of the flavin. Ser101 has also been found to be important for the oxidative half reaction. None of the studies however addressed the mechanism and
involvement of any reaction intermediates in the reaction of reduced flavin with molecular oxygen.
The overall reaction involves the transfer of a hydride-equivalent from reduced flavin and a solvent-exchangeable proton to O2 to yield H2O2. Deuterium isotope effects showed that a H atom
from the reduced flavin and a H+ from the solvent or solvent exchangeable site happen in the same
kinetic step. Time resolved absorbance spectroscopy show no accumulation of flavin-derived species in the oxidation of flavin. Taken together, the results from this study allow us to eliminate
oxidation of flavin involving stabilization of C4a-flavin intermediates in choline oxidase. With
few exceptions, results from this study as well as others suggest that in oxidases lack of stabilization of reaction intermediates may be a key optimization strategy to diminish the potential leak of
reactive oxygen species formed in the reaction pathway with O2.
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Work from this dissertation shed light on several fundamental questions associated with flavin chemistry using bacterial enzymes, D-arginine dehydrogenase and choline oxidase. While the
mechanism of amino acid dehydrogenation has shown most likely to involve a hydride-ion transfer
to flavin, it is only the second enzyme after D-amino acid oxidase with conclusive mechanistic data
in favor of hydride transfer mechanism in either D/L- amino acid processing flavoenzymes. Furthermore, unexpectedly an active site mutation of the same enzyme resulted in the partial modification of flavin cofactor which raises important questions about the susceptibility of flavin cofactors in physiological set up to such unproductive modifications with a potential damaging outcome.
One of the uniqueness of flavin chemistry is the reaction with O2. While D-arginine dehydrogenase
does not react with O2, choline oxidase reacts rapidly and without stabilization of any detectable
reaction intermediates in the process. The study also provided a first instance of synchronous transfer of H atom and H+ in the reaction of oxidation of flavin by a flavoprotein oxidase.
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Appendix
8

RESCUING OF THE HYDRIDE TRANSFER REACTION IN THE GLU312ASP
VARIANT OF CHOLINE OXIDASE BY A SUBSTRATE ANALOGUE

(This chapter has been published verbatim in, Quaye,O., Nguyen,T., Gannavaram, S., Pennati,A.,
and Gadda,G., Arch. Biochem. Biophys. 499 (2010) 1-5)

8.1

Abstract
In the active site of choline oxidase, Glu312 participates in binding the trimethylammonium

group of choline, thereby positioning the alcohol substrate properly for efficient hydride transfer
to the enzyme-bound flavin. Previous studies have shown that substitution of Glu312 with aspartate results in a perturbed mechanism of hydride transfer, with a 260-fold decrease in the rate
associated with the mutation. Here, the reaction of alcohol oxidation catalyzed by the Glu312Asp
enzyme has been investigated with 3-hydroxypropyl-trimethylamine (3-HPTA), a choline analogue with an extra methylene, as substrate. The results of the kinetic investigation using steady
state and rapid reaction approaches showed that the impaired ability of the Glu312Asp enzyme to
catalyze a hydride transfer reaction can be effectively, but not completely, rescued in the presence
of an extra methylene group on the substrate that compensates for the equivalent shortening of the
side chain on residue 312. This observation is consistent with choline oxidase having evolved to
optimally catalyze the oxidation of choline.
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8.2

Introduction
Choline oxidase (E.C. 1.1.3.17; choline-oxygen 1-oxidoreductase) catalyzes the flavin-medi-

ated, two-step oxidation of choline to glycine betaine with formation of betaine aldehyde as intermediate [1]. Both the oxidation of the alcohol substrate and the aldehyde intermediate require
molecular oxygen to accept electrons from the reduced flavin [2, 3]. The reaction catalyzed by
choline oxidase is of importance due to the trigger of glycine betaine accumulation in the cytoplasm of a number of plants and pathogenic bacteria in response to hyperosmotic and adverse
temperature conditions to prevent dehydration and eventual cell death [4-11]. Thus, a better understanding of the reaction catalyzed by choline oxidase has potential for the development of therapeutic agents targeting the glycine betaine biosynthetic pathway for the management of microbial
infections. Also, crops lacking the ability to cope with hyperosmotic environments and salt accumulation can be genetically engineered with choline oxidase to withstand adverse environmental
conditions [7-11]. Finally, choline oxidase has been emerging as a model for deciphering the
mechanism of alcohol oxidation catalyzed by flavin-dependent enzymes [1].
In Arthrobacter globiformis choline oxidase, the oxidation of choline involves a hydride transfer mechanism from the α-carbon of an activated, alkoxide species that is enzymatically produced
by deprotonation of the substrate hydroxyl group, as suggested by substrate and solvent kinetic
isotope effects [12]. In the wild-type enzyme, a highly preorganized enzyme-alkoxide complex
allows for a quantum mechanical transfer of the hydride ion, as indicated by temperature effects
on the reductive half-reaction [13]. In mutant enzymes where independent movement of the substrate α-carbon and the flavin N(5) atom is permitted, the hydride transfer reaction involves either
sampling of the reactive configuration or an over-the-barrier transition state [14, 15].
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The crystal structure of choline oxidase recently resolved to 1.86 Å revealed Glu312 as the
only negatively charged residue in the active site of the enzyme [16]. This residue was shown to
participate in substrate binding with the positively charged trimethylammonium group of choline,
as indicated by the 500-fold increase in the Kd value for choline upon mutating Glu312 with glutamine [16]. The importance of spatial location of the negative charge for the correct positioning
of the substrate in the active site of the enzyme was demonstrated in a choline oxidase variant in
which Glu312 was replaced with aspartate. The Glu312Asp enzyme showed a 260-fold decrease
in the rate constant for the hydride transfer reaction and did not transfer the hydride ion in a full
quantum mechanical tunneling fashion [14, 16]. In the present study, the reaction of alcohol oxidation catalyzed by the Glu312Asp enzyme has been investigated with 3-hydroxypropyl-trimethylamine (3-HPTA), a choline analogue with an extra methylene, as substrate (Figure 8.1). The
results of the kinetic investigation indicate that the reductive half-reaction can be effectively, but
not completely, rescued upon introducing on the substrate the methylene that is missing from the
side chain of residue 312.
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Figure 8.1 The interaction between the carboxylate on residue 312 of choline oxidase and the
trimethylammonium moiety of the activated substrate. A, wild-type enzyme and choline; B,
Glu312Asp enzyme and 3-HPTA.

8.3

Experimental Procedures
The Glu312Asp variant of choline oxidase was purified according to Quaye et al. [16]. Cho-

line was from ICN Pharmaceutical Inc. (Irvine, CA); 3-HTPA was from Sigma-Aldrich (St. Louis,
MO). All other reagents were of the highest purity commercially available.
The reductive half-reaction of the Glu312Asp enzyme with 3-HPTA as substrate was studied
using a Hi-Tech SF-61KinetAsyst high performance stopped-flow spectrophotometer thermostated at 25 oC, in 50 mM sodium pyrophosphate, pH 10.0, under anaerobic conditions, as previously described [16]. The rate constants for flavin reduction were measured by monitoring the
decrease in absorbance at 450 nm upon mixing the oxidized enzyme with the organic substrate.
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Glucose and glucose oxidase at final concentrations of 0.5 µM and 5 mM, respectively, were added
to the enzyme and substrate to scavenge traces of oxygen that may be present before mixing. Equal
volumes of enzyme and 3-HPTA were anaerobically mixed in the stopped-flow spectrophotometer
resulting in a reaction mixture with a final enzyme concentration of ~10 μM and substrate concentrations of 0.1 to 15 mM, with each substrate concentration assayed in triplicate.
Steady state kinetics were measured by the method of initial rates in 50 mM sodium pyrophosphate by monitoring the rate of oxygen consumption with a computer-interfaced Oxy-32 oxygen monitoring system (Hansatech Instrument Inc.) at 25 oC, as described previously [12]. The
measurements were carried out at varying concentrations of both 3-HPTA (0.1-10 mM) and oxygen (0.2-1 mM). The desired oxygen concentration for each assay was obtained upon blowing an
appropriate O2/N2 gas mixture for a minimum of 10 min to equilibrate the reaction mixture. All
assays were performed in 50 mM sodium pyrophosphate, with the exception of pH 7.0 where
potassium phosphate was used.
Data were fit with KaleidaGraph (Synergy Software, Reading, PA), EnzFitter (Biosoft, Cambridge, UK), and the Hi-Tech Studio Software Suite (Hi-Tech Scientific, Bradford on Avon, U.K.)
software. Stopped-flow traces were fit to eq 1, which describes a double-exponential process with
kobs1 and kobs2 representing the observed rate constants for the fast and slow phases; t is time, A is
the absorbance at 450 nm at any given time, B and C are the amplitudes of the total change in
absorbance for the fast and slow phases, and D is the absorbance at infinite time. Pre-steady state
kinetic parameters were determined by fitting the observed rate constants to eq 2, where kobs1 is
the observed rate constant for the reduction of the enzyme bound flavin, kred is the limiting rate
constant of flavin reduction at saturated substrate concentration and Kd is the dissociation constant
for binding of the substrate to the enzyme.
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kred [3  HPTA]
Kd  [3  HPTA]

(1)
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Steady state kinetic parameters were determined by fitting the initial rate data for pH 9.0 and
10.0 to eq 3, which describes a sequential steady state kinetic mechanism where K[3-HPTA] < Kb Kia.
Initial rates determined in the pH range from 5.5 to 8.0 were fit to eq 4, which describes a sequential
steady state kinetic mechanism. In eqs 3 and 4, e represents the concentration of enzyme, kcat is the
turnover number of the enzyme at saturating concentrations of 3-HPTA and oxygen, and K3-HPTA
and KO2 represent the Michaelis constants for 3-HPTA and oxygen, respectively.

kcat[3  HPTA][O2 ]
v

e KO2 [3  HPTA]  [3  HPTA][O2 ]  Kia KO2

(3)

kcat[3  HPTA][O2 ]
v

e K3HPTA[O2 ]  KO2 [3  HPTA]  [3  HPTA][O2 ]  Kia KO2

(4)

The pH dependences of the steady state kinetic parameters were determined by fitting the
initial rate data to eq 5, which describes a curve with a slope of + 1 and a plateau region at high
pH, where C is the pH-independent value of the kinetic parameter that was measured (Y).
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152

8.4

Results
The reductive half-reaction of the Glu312Asp variant of choline oxidase with 3-HPTA as

substrate was investigated in a stopped-flow spectrophotometer at pH 10.0 and 25 oC. The choice
of pH 10.0 stems from previous studies showing that at this pH the reaction catalyzed by the
Glu312Asp enzyme is independent of pH [16]. As shown in Figure 8.2A the absorbance at 450
nm decreased in a double exponential fashion with a fast phase accounting for >95% of the total
change. The observed rate constants for the slow phase (kobs2) were independent of the concentration of 3-HPTA, with an average value of ~0.1 s-1. Such a value is significantly lower than the rate
constant defining the overall turnover of the enzyme at saturating concentrations of 3-HPTA, with
a value of 5 s-1 at pH 10.0. This is consistent with the slow phase of flavin reduction, which
probably reflects the slow dissociation of the aldehyde product of the oxidation of choline from
the reduced enzyme, not being part of the catalytic pathway of the enzyme. The observed rate
constants for the fast phase (kobs1) were hyperbolically dependent on the concentration of 3-HPTA
(Figure 8.2B), allowing for the determination of the limiting rate constant for flavin reduction at
saturating substrate concentration (kred) and the macroscopic dissociation constant for substrate
binding to the enzyme (Kd). As shown in Table 1, the kred value with 3-HPTA was 20-times higher
than the value determined with choline as substrate for the Glu312Asp enzyme [16]. In contrast,
there were no differences in the Kd values with the two substrates with the Glu312Asp enzyme.
The reductive half-reaction of the wild-type enzyme with 3-HPTA was also investigated at pH
10.0 and 25 oC. As illustrated in Table 8.1, the kred and Kd values with 3-HPTA as substrate for
the wild-type enzyme were 4- and 10-times larger than the corresponding parameters determined
with the physiological substrate choline. The second-order rate constants for the capture of the

153

organic substrate onto enzyme complexes committed to flavin reduction (kred/Kd) could be calculated from the kred and Kd values determined in the stopped-flow spectrophotometer. As illustrated
in Table 8.1, the kred/Kd values increased 20-fold when choline was substituted with 3-HPTA as
substrate for the Glu312Asp enzyme. A further 2-fold increase was seen upon substituting the
Glu312Asp enzyme with the wild-type enzyme when 3-HPTA was used a substrate. Finally, another 2-fold increase was determined when 3-HPTA was substituted with choline as substrate for
the wild-type enzyme.
The steady state kinetic parameters for the Glu312Asp enzyme with 3-HPTA were also investigated in the accessible pH range, by measuring initial rates of oxygen consumption at varying
concentrations of 3-HPTA and oxygen. The K3-HPTA values could be determined only at pH ≤8.0,
where the kinetic data determined at varying concentrations of 3-HPTA and oxygen fit best to a
sequential steady state kinetic mechanism (eq 4). In contrast, at pH ≥9.0 the best fit of the data was
obtained with eq 3, which describes a sequential mechanism where K[3-HPTA] < Kb Kia, as for the
case previously reported for the wild-type enzyme with betaine aldehyde as substrate [3, 17, 18].
This allowed for a limited range of pH values for the pH profile of the kcat/K3-HPTA value. As shown
in Figure 3, the kcat/K3-HPTA values increased with increasing pH to a limiting value, defining a pKa
for an unprotonated group required for catalysis ≤7.0. This value was significantly lower than the
value of 7.5 determined for either wild-type choline oxidase or the Glu312Asp enzyme with choline [13, 16]. The pH profile for the kcat value showed the presence of an ill-defined pKa ≤6.0,
which was significantly lower than the value of 7.3 reported with choline as substrate for the wildtype enzyme (Figure 8.3) {Fan, 2005 #9}. Finally, the pH profile for the kcat/Koxygen values with
3-HPTA and the Glu312Asp enzyme were pH-independent ≥7.0, slightly decreasing at lower pH
values (Figure 8.3). In all cases, the pH-independent values of the kinetic parameters with 3-HPTA
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as substrate for the Glu312Asp enzyme were about one order of magnitude lower than the corresponding values determined with choline as substrate for the wild-type enzyme (Figure 8.3).

Table 8.1 Reductive Half-Reaction with Choline and 3-HPTA as Substrate for Choline Oxidase
Wild-type and Glu312Asp Variant.
Enzyme

Substrate

Glu312Asp
Choline
Glu312Asp
3-HPTA
Wild-type
3-HPTA
Wild-type
Choline
a
Calculated from the kred and Kd values.

kred
(s-1)
0.36 ± 0.01
7.5 ± 0.1
400 ± 8
93 ± 1

Kd
(mM)
~0.1
~0.1
2.8 ± 0.2
0.29 ± 0.01

kred/Kda
(M-1s-1)
~3,600
~75,000
144,000
320,000

155

0.15

Abs 450 nm

A

0.1

0.05

0

0.01

0.1

1

10

100

Time, s
9
B

k

obs 1

,s

-1

6

3

0

0

4

8

12

16

[3-HPTA], mM
Figure 8.2 Reductive half-reaction of the Glu312Asp enzyme with 3-HPTA Stopped-flow traces
were obtained at 450 nm upon mixing anaerobically the enzyme and substrate under pseudo firstorder conditions at pH 10.0 and 25 oC. Panel A, traces obtained with, 0.01, 0.25, 0.5, 0.1, 0.2, 0.5
15 mM 3-HPTA; the time indicated is after the end of flow, i.e., 2.2 ms; the solid curves represent
the fit of the data to eq 1. Panel B, dependence of the kobs1 values on [3-HPTA]; the solid curve
represents the fit of the data to eq 2
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8.5

Discussion
A recent study established that the conservative replacement of Glu312 with aspartate perturbs

the mechanism of hydride transfer in the reaction catalyzed by choline oxidase, therefore underscoring the importance of substrate positioning in the active site of an enzyme for efficient catalysis
[14]. In the wild-type enzyme, the hydride ion tunnels within a highly preorganized enzyme-substrate complex at a rate of 93 s-1 with minimal assistance from the environment [13, 19]. In the
Glu312Asp enzyme the same reaction occurs at a rate of 0.36 s-1 through either environmentally
coupled tunneling within an enzyme-substrate complex that is not preorganized or without tunneling [14]. In the present study, we have used a substrate analogue with an extra -CH2- group as
compared to choline to establish whether the missing methylene resulting from the Glu312  Asp
substitution can be harbored on the substrate for an effective hydride transfer reaction from the carbon of the alcohol substrate to the flavin.
The impaired ability of the choline oxidase variant containing Asp312 to catalyze a hydride
transfer reaction can be effectively, but not completely, compensated by increasing the length of
the substrate. Evidence supporting this conclusion comes from the stopped-flow data on the reductive half-reactions catalyzed by the mutant and wild-type forms of choline oxidase with 3HPTA or choline. The kred value in the Glu312Asp enzyme was sped up by 20-fold upon substituting choline with its longer analog 3-HPTA (Table 8.1). Instead, a 4-fold increase in the kred
value was observed in the wild-type form of the enzyme upon similar substrate substitution. While
the increased rate constant for flavin reduction with the wild-type enzyme and 3-HPTA as compared to choline was not investigated further in this study, one can assume similar effects of substrate substitution in the wild-type and Glu312Asp enzymes. Consequently, the lengthening of the
substrate by one –CH2- group contributes a 5-fold increase in the rate of flavin reduction that
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partially compensates for the geometrically equivalent shortening of the side chain on residue 312
(Figure 8.1).
The second-order rate constants for the capture of the substrate on the enzyme (kred/Kd) establish that while 3-HPTA is a better substrate than choline with the Glu312Asp enzyme, the opposite
holds true for the wild-type enzyme. Indeed, the kred/Kd value increased 20-fold upon substituting
choline with 3-HPTA as substrate for the Glu312Asp enzyme (Table 8.1). Such an increase accounts for a stabilization of 2 kcal/mol of the extra substrate methylene group in the enzyme complexes that are committed to flavin reduction. In contrast, the kred/Kd value decreased by 2-fold
when a similar substrate substitution was carried out with the wild-type enzyme, thereby indicating
that in the wild-type enzyme the extra methylene group of the substrate destabilizes by 0.4 kcal/mol
enzyme-substrate complexes committed to catalysis.
Flavin oxidation by molecular oxygen is significantly impaired in the Glu312Asp enzyme upon
using 3-HPTA instead of choline. Indeed, the kcat/Koxygen value is almost an order of magnitude
lower when the reduced Glu312Asp enzyme that reacts with oxygen is in complex with the product
of the oxidation of 3-HPTA rather than choline. This result is unexpected given that with choline
as substrate for the Glu312Asp enzyme there is no significant change of the kcat/Koxygen value with
respect to the wild-type [16]. However, it is probable that the spatial location, geometry, or relative
orientation of the catalytic groups that participate in flavin oxidation, as well as the accessibility
of oxygen to the reactive center, may have been altered in the Glu312Asp enzyme reacting with
3-HPTA as compared to choline, since these are all features that have been proposed to affect the
reactivity of flavoprotein oxidases with oxygen [20].
The overall turnover of the Glu312Asp enzyme at saturating concentrations of 3-HPTA and
oxygen is predominantly controlled by the hydride transfer reaction that results in the reduction
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the enzyme-bound flavin. Evidence in support of this conclusion comes from the comparable values for kred and kcat (i.e., with values of 7.5 s-1and 5 s-1 at pH 10.0, respectively) for the oxidation
of the substrate analogue by the Glu312Asp enzyme. Similarly, previous results demonstrated that
the reaction of hydride transfer of choline oxidation is rate limiting for the overall turnover of the
wild-type and the Glu312Asp enzymes with choline as substrate [12, 16].
Comparison of the pH profiles for the kcat/Kcholine and kcat values of the Glu312Asp enzyme
with 3-HPTA and of the wild-type enzyme with choline indicates that with the former there are
significant perturbations of the pKa values to lower values (Figure 8.3). Previous inhibition and
kinetic isotope effect studies have firmly established that the pKa value of 7.5 seen in the kcat/Kcholine
pH profile of choline oxidase with choline is an intrinsic value [1, 3, 19].This pKa value was assigned to a group in the active site of the enzyme that was proposed to abstract the hydroxyl proton
of the alcohol substrate and initiate catalysis [1, 23]. For a base-catalyzed chemical step of the type
proposed in choline oxidase [1, 23], the outward perturbation of the pKa values seen with 3-HPTA
and the Glu312Asp enzyme is indicative of the presence of a forward commitment to catalysis of
the enzyme-substrate complex [3]. The alternate possibility of Glu312Asp having a pKa for the
active site base that is significantly different from 7.5 can be immediately ruled out based on recent
results showing that the same enzyme displays a pKa identical to the wild-type enzyme when choline is used as substrate [19]. It is likely that the interaction of the extra methylene group of 3HPTA in the active site of the enzyme makes the dissociation of the substrate from the enzymesubstrate complex significantly slower than in the case of choline, thereby resulting in a significant
forward commitment to catalysis.
In summary, the results of the kinetic investigation with 3-HPTA as substrate for the
Glu312Asp enzyme have indicated that while the reductive half-reaction catalyzed by the enzyme
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is partially rescued by the substrate analogue, the oxidative half-reaction is not. This study demonstrates that the impaired ability to catalyze a hydride transfer reaction in the Glu312Asp variant of
choline oxidase can be effectively compensated by lengthening the chain of the substrate. However, such compensation is not sufficient to provide a full recovery of the hydride transfer reaction,
underscoring the importance of substrate positioning in the active site of an enzyme for efficient
catalysis.
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